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ABSTRACT OF DISSERTATION 
Long-term effects of different fat sources and vitamin E supplementation on 
growth performance, antioxidant status, carcass characteristics, meat quality, 
and immune capacity of pigs with heavy slaughter weight up to 150 kg 
Two experiments were used to evaluate the potential interaction of fat source and vitamin 
E (VE) in heavy slaughter weight pigs. In Experiment 1, a total of 64 individually-fed pigs 
(28.41 ± 0.83 kg) were randomly assigned to 8 dietary treatments in a 4×2 factorial 
arrangement. Fat treatments included cornstarch (CS), tallow (TW), corn-oil (CO), and 
coconut-oil (CN). VE treatments were dietary α-tocopheryl acetate (ATA) at 11 and 200 
ppm. In Experiment 2, a total of 72 individually fed pigs (28.55 ± 1.16 kg) were randomly 
assigned to 12 dietary treatments in a 2 × 6 factorial arrangement. Fat treatments were TW 
and CO. VE treatments included four levels of ATA (11, 40, 100, and 200 ppm) and two 
levels of mixed tocopherols (primarily γ-tocopherol; 40 and 100 ppm). VE deposition, 
growth performance, and meat quality were measured in both experiments. In both 
experiments, interaction between fat sources and VE were detected (P < 0.01) on plasma 
VE concentration, which increased (P < 0.01) with time and with increasing dietary VE, 
but increased faster (P < 0.05) in pigs fed with CN and TW compared to pigs fed CS and 
CO. Compared to CO, more saturated dietary fat sources (CN and TW) led to firmer belly 
(P < 0.01), which had more (P < 0.01) SFA and MUFA while less (P<0.01) PUFA. In 
Experiment 1, increasing dietary ATA decreased (P < 0.05) Feed/Gain in Phase 4 and 
Phase 5. In Experiment 2, increasing dietary ATA increased overall ADG (linear, P = 0.02), 
with an interaction (P < 0.05) with fat sources on cumulative ADG during Phase 1-4, 
wherein pigs fed CO, but not TW, had increased ADG with increasing dietary ATA. 
Increasing dietary ATA increased (quadratic, P < 0.05) liver SOD activity, and decreased 
(quadratic, P < 0.05) liver MDA content. The oxidative stability of loin was improved (P 
< 0.01) when dietary ATA increased over 40 ppm. In summary, both dietary fat source and 
VE supplementation affected the response measures. 
KEYWORDS: fat, vitamin E, isoform, heavy slaughter weight, pigs. 
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Chapter 1 Introduction 
Overall meat consumption has continued to rise globally. Commercial red meat 
production has increased by 25 percent in the past 25 years, with most of the increase in 
pork production. Despite a shift toward higher poultry consumption, red meat still 
represents the largest proportion of meat consumed in the U.S (58%), among which the 
proportion of pork has increased during this period (Carrie et al., 2011). Additionally, the 
projected world population is about 9-10 billion people in the year 2050 according to the 
report “World Population Prospects: The 2015 Revision” (DESA, 2015). The increase in 
population would mostly happen in the developing countries. These countries are having 
an increase in disposable income and that will result in a desire to increase the consumption 
of animal protein including pork. These factors are driving the rapid growth in the demand 
for pork in the near future. 
A question that arises in almost all discussions about the future of agriculture is - 
“how will we feed a growing population in the future?” Currently, the meat of choice would 
be mostly pork except for those countries that do not eat pork for religious reasons. The 
increasing demand for pork can only be met either by increasing the number of pigs 
produced or by increasing slaughter weight (SLW). Given the pressure of total food supply 
on a finite land mass and the dilution effect of fixed production cost, it is obvious that 
increased market weights will be a large part in meeting the pork demand, irrespective of 
the drawback of the increased feed/gain (F/G) resulting from accelerated fat accretion and 
a declining rate of lean deposition during the late finishing phase. There has been very little 
research on the nutritional needs of heavier pigs for performance and health of those pigs 
and the effect of nutritional regime on the size of cuts and ultimate pork quality. To evaluate 
the biological and financial impact of increasing SLW, clearly understanding the 
relationships between live weight, growth rate, carcass traits, and efficiency is necessary. 
Market weight has risen continuously over the past decades. Based on a projection 
using SLW data from the USDA, the estimated SLW in 2032 will be over 150 kg. Slaughter 
weight has an important impact on pork quality and carcass characteristics because of 
differences in deposition of protein and fat throughout the growth period (Virgili et al., 
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2003; Correa et al., 2008; Serrano et al., 2008; Apple et al., 2009a, b, c). It has been 
concluded that heavy SLW pigs have greater fat deposition and lower carcass leanness 
compared to light SLW pigs (Latorre et al., 2004). However, the improvement in genetics 
in the recent 10 years may alleviate this problem to some degree. 
At the same time, cost pressure from the increasing price of ingredients has driven 
producers to explore more and more by-products, among which the increasing use of 
distillers dried grains with solubles (DDGS) as high as 30% in the diet is the biggest issue. 
The increased dosage of UFA present in some by-products like DDGS results in soft pork, 
which is also associated with greater potential for oxidative problems. If longer periods of 
feeding high polyunsaturated oils happen in the case of increasing SLW in the future, a 
reduction in pork quality and product value might occur. Thus, the level and profile of fatty 
acids (FA) in the diet is extremely important. To prevent the potential price drop of pork 
due to the high-fat deposition and soft-fat pork, a clear understanding of what changes 
would happen in pork quality at heavier SLW and how producers can prevent any negative 
impacts is essential. 
Many attempts have been made to solve problems caused by over consumption of 
highly unsaturated fat with low quality to prevent peroxidation of pork fat. Attempts 
include using different fat sources that have high saturated FA (SFA) content (e.g., coconut 
oil) or by supplementing antioxidants (e.g., vitamin E). Vitamin E (VE) plays important 
roles in reducing oxidative stress as an antioxidant, and as a result improve the oxidative 
stability of pork and prolong shelf life of fresh pork (Boler et al., 2009). Among many VE 
forms, α- and γ-tocopherols are two possible forms for the swine diets as acetate or 
alcoholic forms. Although the absorption rate of RRR-α-tocopherol and RRR-γ-tocopherol 
is similar, the elimination of RRR-γ-tocopherol from plasma is faster, which might imply 
either faster excretion or faster incorporation into tissue; more rapid incorporation into 
tissue could be extremely positive in improving meat quality, especially in preventing lipid 
oxidation in meat. Further research is needed to confirm the hypothesis. 
Therefore, the objective of the present research was to evaluate growth performance, 
antioxidant status, carcass characteristics, pork quality and immune capacity from pigs fed 
different fat sources with different isoforms and levels of VE to a heavy SLW.  
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Chapter 2  Literature Review 
2.1 Changes and challenges of pork production 
The world population has kept growing dramatically with improving nutrition and 
medical care globally. The Food and Agriculture Organization (FAO) has projected that 
the global population will be 9-10 billion by 2050, with virtually all population growth 
occurring in less developed countries (Figure 2.1, FAO, 2007). The projected increase in 
caloric intake (kcal/person/day) from a baseline in 1969/71 to the future date of 2050 is 
about 30% while the associated increase in meat consumption will be about 200% with 
extreme increases in meat consumption in East Asia from 9.2 to 73 kg/person/year (FAO, 
2009). Meanwhile, average meat consumption in developing countries is currently less than 
half of that in developed countries as shown in Figure 2.2. In conjunction with the 
population increases, many countries will see an increase in disposable income and that 
will result in a desire to increase consumption of specific foods; generally, with increases 
in food choices and disposable income, most populations opt for more animal protein, such 
as pork.  
The difference in these countries and the general trend of human civilization 
indicate that people in the developing countries will very likely buy more meat when they 
have more money. In many developing countries such as China and Brazil, pork contributes 
the greatest proportion of meat consumption. The meat of choice for the expected increase 
in the consumption will probably be pork except for those countries that do not eat pork 
for religious reasons. Producing that much pork to meet the demand globally is a big 
challenge for the swine industry. 
The demand for pork can only be met by increasing the number of pigs produced 
or by increasing SLW. Given the pressure of total food production from a finite land mass, 
it is obvious that increased market weights will be a large part of meeting the pork demand. 
It is relatively easy to slaughter at a heavier weight since a 20% increase in SLW could 
roughly increase pork carcass production by 20% with the same number of sows and 
related equipment. However, there has been very little research on the nutritional needs of 
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heavier pigs for performance and health of those pigs and the nutritional regime on the size 
of cuts and ultimate pork quality.  
Figure 2.1 Population projection until 2050 
Source: Population Division of the Department of Economic and Social Affairs of the United 
Nations Secretariat (2007) 
Figure 2.2 Average meat consumption in different countries 
Source of Data: OECD/FAO (2017), “OECD-FAO Agricultural Outlook,” OECD Agriculture 
statistics 
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2.2 Measurements for market pigs, pork carcass, and pork quality 
2.2.1 Market pigs and pork carcass 
The economically important traits for live hogs and carcass are weight, dressing 
percent, fatness, carcass length, muscling, and percent muscle. According to “Pork Carcass 
Grades and Standards” published by United States Department of Agriculture (USDA) in 
2017, pork carcasses and market hogs are graded U.S. No. 1, 2, 3, 4 or Utility. The 
numerical grades are based on the expected yield of four lean cuts - ham, loin, blade 
(Boston) shoulder, and arm (Picnic) shoulder. The utility grade is reserved for carcasses 
that exhibit unacceptable quality factors. The expected yield of market pigs of the different 
grade is listed in Table 2.1 based on cutting and trimming methods used by the USDA in 
developing the standards. The grading system is used in regular market pigs, as the system 
of sows is slightly different. The grade for the barrow or gilt carcass with acceptable lean 
quality and belly thickness is determined by considering two characteristics: backfat 
thickness over the last rib, and thickness of muscling in relation to skeletal size. 
Table 2.1 Relationship between USDA grade and carcass yields from chilled carcasses1 
Grade Expected yield of four lean cuts 
U.S. No.1 60.4% and over 
U.S. No.2 57.4 to 60.3% 
U.S. No.3 54.4 to 57.3% 
U.S. No.4 less than 54.4% 
1 These yields will be approximately one percent lower if based on the hot carcass weight 
2.2.2 Measurements for pork quality 
Pork quality can be evaluated with meat color, intramuscular fat or marbling, 
tenderness, taste, firmness or wetness, water holding capacity, pH, shelf-life, and so on. 
Pork quality affects both consumer acceptance and value-added opportunities for pork and 
pork-related products.  
2.2.2.1 Meat color 
Consumers critically appraise the color of meat and often color is their basis to 
make decisions in meat purchasing. Consumers use discoloration as an indicator of lack of 
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freshness and wholesomeness. As a result, meat color is more commercially important than 
any other quality factor (Mancini and Hunt, 2005). Meat color is dependent on the ratio of 
red to white muscle fibers in a muscle. Type I muscle fibers are reddish, and they are slow 
twitch, and mostly depend on aerobic oxidation to provide energy with a higher myoglobin 
content, which gives pork redder color. While type II muscle fibers are whitish compared 
to Type I muscle fibers; they are fast twitch, which mostly depends on anaerobic glycolysis 
to provide energy and have lower myoglobin content. Pork color can be measured with 
three different methods, including subjective assessment, computer vision and instrumental 
color (Hunt et al., 1991; Mancini and Hunt, 2005). 
Subjective assessment of meat color is closely related to consumer evaluations and 
sets the benchmark for instrumental measurement comparison (Hunt et al., 1991). The 
subjective assessment is not easy to conduct with either trained or consumer panels. This 
is because human judgments may not be repeatable from day to day, and personal 
preference can influence the result, as can lighting, visual deficiencies of the eye and 
appearance factors.   
Computer vision is based on analysis of digital camera images; it has distinct 
advantages over traditional color evaluation. Because the camera measures the entire 
sample surface, this method is more representative of sensory descriptors than the 
colorimeter, which is only based on point-to-point measurements (O'sullivan et al., 2003). 
Computer vision, particularly digital image analysis combined with a neural network or 
statistical modeling, can be used to predict pork loin visual color (Lu et al., 2000). The 
technique resulted in negligible prediction errors for 93% of the samples; 84% of the 
samples having negligible errors when only statistical models were used.   
Instrumental color can be measured by several different instruments. These 
instrumental color evaluation systems include Munsell color solid, CIE color solid, 
reflectance spectroscopy, tristimulus colorimetry and Hunter color solid. The instrument 
uses either colorimeters or spectrophotometers to obtain the reflected light spectrum.  
Hunter color solid system, known as HunterLab system, is similar to CIE color solid system, 
and they are the most widely used systems in the measurement of meat color (Tapp et al., 
2011; AMSA, 2012). The CIE color solid system provides X Y Z values which can be used 
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to match a certain color, while HunterLab system provides L* a* b* values, which is more 
uniform than the CIE X Y Z system (Hunt et al., 1991; Mancini and Hunt, 2005). More 
and more researchers use the L* a* b* system nowadays.  
Figure 2.3 Representation of color solid for CIE L* a* b* color space 
Source: Image courtesy of Konica Minolta Sensing Americas, AMSA Meat Color Measurement 
Guidelines, American Meat Science Association. 
Hunter L* a* b* values represent a three-dimensional specification of color location 
(a point) within a three-dimensional color solid as shown in Figure 2.3 (Hunt et al., 1991). 
Most research articles reported values of L*, a*, and b* to measure lightness, redness, and 
yellowness, respectively. But, color may also be evaluated using calculations from the a* 
(or a) and b* (or b) in the form of a*/b* ratio, hue angle (tan−1(b*/a*)) and chroma (√𝑎∗2 +
b∗2 ). Larger ratios of a*/b* (or decreases in b*/a*) indicates more redness and less
discoloration (Hunt et al., 1991; Mancini and Hunt, 2005; Tapp et al., 2011). Hue angle is 
the development of color from red to yellow and larger angle values indicate a less red 
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product and a more well-done cooked color; it is a very useful index to indicate shifts in 
color over time toward discoloration (Tapp et al., 2011). Chroma is used to indicate the 
saturation of color, sometimes termed vividness, with larger values indicating more 
saturation of the principle hue of the sample. Another indicator, delta E, total color change 
over a selected period of time, is generally calculated as ∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2, 
and is also a useful parameter to show total color differences over time, and various periods 
of time can be selected and compared (Tapp et al., 2011). Minolta and Hunter colorimeters 
are the most popular colorimeters used in recent published papers.  
Myoglobin 
Myoglobin (Mb) is the principal protein responsible for meat color, although other 
heme proteins such as hemoglobin and cytochrome C may also play a role in meat color 
(Mancini and Hunt, 2005).  Mb is a water-soluble protein; it is the first protein subjected 
to X-ray crystallography. As shown in Figure 2.4, the backbone of Mb consists of 8 α-
helices (blue) that wrap around a central pocket containing a heme group (red), which binds 
various ligands including oxygen, carbon monoxide and nitric oxide (Ordway and Garry, 
2004; Mancini and Hunt, 2005). The protoheme group can be stabilized by histidine 
residues His64 and His93 (Figure 2.4), which makes histidine receive the most attention in 
research on meat discoloration (Ordway and Garry, 2004).  
The conversion of the four major chemical forms of myoglobin is primarily 
responsible for meat color, deoxymyoglobin (DMB), oxymyoglobin (OMB), 
metmyoglobin (MMB) and carboxy-myoglobin (COMB) (Figure 2.5; American Meat 
Science Association, 2012). DMB can be maintained when the oxygen tension is below 
1.4 mm Hg; it results in a dark purplish-red or purplish-pink color typical of the interior or 
color of fresh meat. When Mb is exposed to oxygen, oxidation occurs to produce more 
OMB, which is characterized by the development of a bright cherry-red color; COMB 
formation occurs when carbon monoxide attaches to the vacant 6th position of DMB, 
producing a stable bright-red color when the environment is devoid of oxygen. 
Atmospheres containing oxygen will result in the conversion of COMB to either OMB or 
MMB. MMB is the oxidized form of myoglobin, which has a color from tan to brown, and 
it contains ferric iron (Fe3+). Typically, MMB forms easily at low concentrations of oxygen 
less than 7 mm Hg or about 1 to 2% oxygen. 
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Adapted from Suman and Joseph (2013) 
Reaction 1 (Oxygenation): DMB + O2 = OMB 
Reaction 2 (Oxidation): OMB – e- = MMB  
Reaction 3a (Deoxygenation): OMB - O2 = DMB  
Reaction 3b (Oxidation): DMB + O2 = MMB + O2- 
Reaction 4 (Reduction): MMB + e- with oxygen consumption = DMB 
Reaction 5 (Carboxylation): DMB + CO = COMB 
Figure 2.5 Schematic of the interconversions of myoglobin redox forms in fresh meat 
Adapted from Meat Color Measurement Guidelines (AMSA, 2012) 
Figure 2.4 The three-dimensional structure of pork myoglobin 
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2.2.2.2 Intramuscular fat 
Intramuscular fat content has become an important indicator of meat quality in 
many countries such as China, South Korea, Czech, and the Slovak Republic (Kauffman 
and Warner, 1993; Newcom et al., 2005; Bahelka et al., 2007; Jung et al., 2015). It is often 
measured as marbling score. The recommended intramuscular fat content to meet 
consumer demand ranges from 2.0 to 4.0% (Verbeke et al., 1999). The majority of the 
authors concluded that poorer sensory quality traits were associated with intramuscular fat 
content below 2.5% (Enser and Wood, 1991; Fernandez et al., 1999). 
2.2.2.3 Tenderness and taste 
Eating experience is a primary factor influencing the consumer’s second purchasing 
decision, which is mostly linked with the overall taste and tenderness (Lee et al., 2012; 
O’Quinn et al., 2018). Tenderness is considered to be the most important feature of 
consumer satisfaction in their eating experience (Warner et al., 2010). Tenderness can be 
measured both objectively and subjectively. Most tenderness evaluation is the result of 
scoring done by trained or consumer panelists, which makes this method expensive, 
difficult to organize, time-consuming, and easily affected by the preference of the panelists. 
Compared to the panelist evaluation, instrumentation methods can reflect the meat 
tenderness ratings more accurately. Warner-Bratzler shear force (WBS) is the most widely 
used estimator of tenderness.  
2.2.2.4 Firmness or wetness 
Firmness can be measured both objectively and subjectively. Objective firmness 
can be measured through a belly flex test or other similar equipment (Cromwell et al., 
2011). Subjective firmness measurement is conducted with either trained or consumer 
panels according to a certain standard, such as the National Pork Producers Council (NPPC) 
firmness scale system (Boler et al., 2009).  Appropriate firmness allows for better meat 
processing, such as for bacon and sausage (McClelland et al., 2012). The firmness of pork 
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correlates with fatty acid proportions; the highest correlations are with 18:0 (positive) and 
18:2n6 (negative). The proportion of 18:2n6 provides the best prediction of fat firmness 
(Table 2.2). 
Table 2.2 Correlations between fatty acid proportions and firmness of subcutaneous fat 
18:0 18:2n-6 
Firmness objective 0.35 -0.75
Firmness subjective 0.40 -0.78
Data adapted from Wood et al. (1989) 
2.2.2.5 Water holding capacity 
Unacceptable water-holding capacity (WHC) costs the meat industry millions of 
dollars annually (Huff-Lonergan and Lonergan, 2005). Water accounts for approximately 
75% of the weight of meat, and the WHC of muscle to retain moisture is key to many meat-
quality parameters held in high regard by the industry and consumers. Drip loss and purge 
loss are the two measurements reflecting the WHC of meat products. Drip loss is measured 
as the percentage of the weight loss, when ~100 grams pork is hung on a hook for a certain 
period of time (24 or 48 hours) under retail environment. Similar to drip loss, purge loss 
refers to the fluid in the bottom of a styrofoam retail tray or inside a vacuum package. The 
purge is composed of water and myoglobin (the main protein responsible for meat color) 
that has leached out of the muscle.  Purge, at the retail level, cannot be sold and is typically 
discarded once the meat is removed from the vacuum package.  Both high drip losses and 
purge loss are usually linked to a greater level of protein denaturation (Torres Filho et al., 
2017), and lead to losses regarding appearance, texture, nutritional value, and attractiveness, 
thereby compromising the quality of fresh meat and its processing. Drip loss and purge loss 
are produced by the shortening of sarcomeres which is regulated by the interaction of 
muscle temperature and rigor development (Fischer, 2007). Many factors involved with 
pre-slaughter stress, glycolysis, and pH change after slaughter have been shown to affect 
drip loss and purge loss of pork (Cannon et al., 1995; Calvo et al., 2017; Gorska and 
Wojtysiak, 2017; Lealiifano et al., 2017). 
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2.2.2.6 pH 
Both the rate and the extent of the acidification of pork muscles after slaughter has 
a profound effect upon meat paleness, softness and degree of fluid loss by exudation 
(Bendall and Swatland, 1988). Pork with 24-hour pH less than 5.8 are classified as PSE 
pork (pale, soft, and exudative), this change is due to protein denaturation occurring under 
low pH (Honkavaara, 1988).  Pork with PSE condition loses much value for further meat 
processing, such as juiciness, solubility, and gelation (Schilling et al., 2003).  
2.2.2.7 Oxidative stability 
Oxidation is one of the primary mechanisms of quality deterioration in meat during 
storage. Off-flavor development and loss of protein functionality in meat have been 
attributed to the formation of a complex mixture of carbonyls during the autoxidation of 
UFAs and protein (Buckley et al., 1995; Xiong, 2000; Lund et al., 2011; Falowo et al., 
2014). Oxidative stability, especially lipid oxidative stability, is another important 
measurement used to define shelf life in the meat industry.  
Lipid is widely distributed in both the intra- and extra-cellular space of meat as 
triacylglycerides, phospholipids, and sterols, which are all chemically unstable and very 
prone to oxidation, especially during post-mortem handling and storage. Oxidation of lipids 
is a three-step radical chain reaction, which consists of initiation, propagation, and 
termination with the production of free radicals as shown in Figure 2.6. For the step of 
initiation, the autocatalytic lipid peroxidation process begins immediately after slaughter, 
accompanying post-slaughter metabolism and postmortem aging in the conversion of 
muscle to meat. At the same time, the process of lipid oxidation is no longer tightly 
controlled, and the balance of pro-oxidative factors and anti-oxidative capacity favors 
oxidation (Buckley et al., 1995). Initiation reaction produces the fatty acid (alkyl) radical 
(R•) which in turn reacts with oxygen to form peroxy radicals (ROO•) in the propagation 
reaction. The peroxy radicals react with UFAs and form hydro-peroxides (ROOH), which 
later decompose to produce the volatile aromatic compounds that give meat its perceived 
off-flavors and rancid odor (Falowo et al., 2014).  
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The rate and extent of lipid oxidation are dependent on a number of factors: 1) level 
of polyunsaturated fatty acids present in the meat; 2) degree of unsaturation of 
triacylglycerols and phospholipids; 3) the phospholipids present in the subcellular 
membranes (microsomes, mitochondria); and 4) the presence of transition metals, most 
notably iron. The phospholipids present in the subcellular membranes are highly 
unsaturated, they contain fatty acids with more than three double bonds, which are 
responsible for ignition development of oxidized flavors in raw and cooked meat during 
storage (Monahan et al., 1990; Kingston et al., 1998). Some low molecular weight water-
soluble chelates of iron in hemoglobin and myoglobin are also pivotal in facilitating the 
generation of radical species capable of abstracting a proton from an UFA. Oxidation of 
lipid and protein adversely affect quality by resulting in rancid odor, off-flavor 
development, increased drip loss, discoloration, nutrition loss, decreased shelf life, and the 
accumulation of toxic compounds, which may further be detrimental to the health of 
consumers (Falowo et al., 2014).  
Figure 2.6 Antioxidant reaction with lipid oxidation from the propagation stage to 
terminate the oxidation cycle  
Adapted from Falowo et al. (2014). 
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The lipid oxidation can be evaluated by three types of assays including: 1) depletion 
of oxygen or substrates; 2) primary lipid derivatives; and 3) secondary degradation 
products. Depletion of oxygen is normally measured through the weight gain method (O2 
absorbed), oxygen bomb method, and GC/HPLC analysis of fatty acids composition. 
Measurement of primary lipid derivatives can only measure the on-going oxidation, the 
normally used methods include GC/HPLC analysis of fatty acid derivatives, electron 
paramagnetic resonance, peroxide value (PV), conjugated dienes, and octanoate (Methyl 
C8), among which the PV method is widely used in the meat industry. However, measuring 
secondary degradation products works better at the end of oxidation. The normally 
measured secondary degradation products include carbonyls, anisidine (glyceride remnant), 
2-thiobarbituric acid (TBA) reactive substances (TBARS), aldehydes, and hydrocarbons.
The TBARS is the measurement reported most in lipid oxidation research. In practice, 
TBARS and PV are used together to better define the lipid oxidation in meat products.  
Lipid oxidation products such as hydro-peroxides and carbonyls are known to interact with 
amino acids, peptides, and proteins, which involves protein oxidation.  
Protein oxidation occurs through a chain reaction of free radicals like the oxidation 
of lipids in animal muscle, which is described as the covalent modification of a protein 
induced ROS or by reacting with secondary by-products of oxidative stress (Lund et al., 
2011). The mechanisms of protein oxidation include amino-acid side chain modification, 
protein cross-linking, and protein fragmentation (Lund et al., 2011). The process of protein 
oxidation can be similarly summarized in three phases, involving initiation, propagation, 
and termination stages (Xiong, 2000). Although being relatively newer compared to the 
concept of lipid oxidation, protein oxidation owns many similarities with lipid oxidation, 
such as the autocatalytic radical involved reactions, and measurement of the oxidation.   
2.3 Slaughter weight and pork production 
Slaughter weights are very different between countries and pig breeds (Choi and 
Oh, 2016). In Italy, pigs are traditionally slaughtered at a heavy weight (between 150 and 
160 kg), average live and carcass weights of Iberian pigs are 160 to 180 kg and 134 to 159 
kg, respectively. While in the USA and Asia (such as China and Korea), Yorkshire, Duroc, 
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and Landrace are the routine pig breeds in pork production and these breeds make up more 
than two thirds domestic pigs, with most pigs slaughtered before 135 kg (Choi and Oh, 
2016; Tian, 2017).  
In the US, market weight has risen continuously over the past decades from about 
113 kg (1990) to 127 kg (2017) as shown in Figure 2.7. At the same time, the total number 
of pigs raised also keeps growing to feed the increasing meat demands in the United States, 
as well as for export to other countries for their consumption. Based on a projection using 
SLW data from the USDA National Agricultural Statistics Service, an estimated SLW in 
2032 will be over 150 kg (330 lbs). 
Figure 2.7 Commercial hog slaughter, number of head and average live weight – United 
States  
Source: Overview of the United States Slaughter Industry (October 2016), USDA, National 
Agricultural Statistics Service 
Slaughter weight is one of the most important economic factors in pig production, 
it has been proven to affect pork quality and carcass characteristics because of difference 
in rates of protein and fat deposition throughout the growth period (Virgili et al., 2003; 
Correa et al., 2008; Serrano et al., 2008; Apple et al., 2009a, b, c). To evaluate the financial 
impact of increasing SLW for the producer, clearly understanding the relationships 
between live weight, growth rate, and efficiency is necessary. 
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2.3.1 Slaughter weight and pork yield 
Different breed, gender, environment, and nutrition strategies could all affect the 
expected pork yield with the increasing SLW. Previous research indicated that increases in 
SLW and age impair growth efficiency and yield of lean cuts (Averette Gatlin et al., 2002; 
Latorre et al., 2003). Pigs slaughtered at 175 days (130 kg) had less trimmed primal cut 
proportion than pigs slaughtered at 160 days (110 kg) based on a study in Spain (Latorre 
et al., 2003).  Although gilts and barrows had different responses to SLW, the general trend 
of the change in pork yield is more or less similar (Cisneros et al., 1996; Latorre et al., 
2003; Bosi and Russo, 2004; Latorre et al., 2004; Juárez et al., 2016). For example, while 
the result of ultrasound measures from 70 to 168 kg live weight showed that gilts had 9.6% 
less backfat, 5.2% larger longissimus muscle area, and had numerically greater predicted 
carcass lean weight than barrows (Shull, 2013), generally, the deposition rate of fat 
increased with increasing body weight, while lean growth slowed down (Pettey, 2004). As 
shown in Figure 2.8, the deposition rate of fat and protein (measured as nitrogen) kept 
changing with increasing SLW of Hampshire x Yorkshire-Landrace crossbred barrows, 
which can be indicated by the changing slope of the trend line in the figure.  
The vast majority of research has demonstrated that hot carcass weight (HCW), 
dressing percentage, and primal cuts increased with increasing SLW of pigs (Leach et al., 
1996; Latorre et al., 2004; Landgraf et al., 2006; Cisneros et al., 1996; Wagner et al., 1999). 
The dressing percentage of pigs slaughtered at 90.9 and 113.6 kg was greater than that of 
pigs slaughtered at 68.1 kg or less (Apple et al., 2009b). While ham weight and shoulder 
weight increased by 1.6 kg, and 0.9 kg for each 10-kg increase in SLW, respectively 
(Latorre et al., 2004), on a percentage basis, a linear decrease of 0.19 % in ham yield was 
observed for each 10- kg increase from 100 to 160 kg (Cisneros et al., 1996). 
The fat content of the animal and meat increases between early life and the time of 
slaughter, and the fat content in meat products is critical in providing organoleptic 
characteristics including palatability, flavor, aroma, and texture. Most research 
demonstrated that backfat depth increased in response to increasing SLW (Cisneros et al., 
1996; Landgraf et al., 2006; Eggert et al., 2007), except a few, which failed to detect 
differences in midline backfat depths opposite the first rib, last rib, and last lumbar vertebra 
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(Leach et al., 1996). When SLW improved from 100 to 160 kg, fat content in longissimus 
lumborum, backfat and belly increased at the same time (Virgili et al., 2003).  Average 
backfat depth increased by nearly 200% as pig SLW increased from 45.5 to 113.6 kg 
(Shuler et al., 1970). As shown in Figure 2.9, the intramuscular fat content also increased 
with increasing SLW from 28.1 to 113.6 kg (Apple et al., 2009c).  
Figure 2.8 Carcass composition along with the increasing SLW 
Taken from Pettey (2004) 
The increased fat deposition with improving SLW may also affect processing of 
related pork products, because of the possible alteration of the fatty acid profile of the 
increased fat tissues. Corresponding to the increased fat deposition, a 0.83% increase in 
belly curing yields was observed for each 10 kg increase when SLW went from 100 to 160 
kg (Cisneros et. al., 1996). The higher fat deposition was associated with an increased 
degree of fat saturation when the dietary fat content was fixed (Apple et al., 2009a, b ,c). 
This change could be explained by the observation that the increase in subcutaneous fat of 
animals slaughtered at heavier weight had larger adipocytes containing more lipid and less 
water than the subcutaneous fat of lighter SLW pigs (Geri et al., 1990). 
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Results of research on the effect of SLW on pork sensory quality are inconsistent, 
including positive to negative, none, or insignificantly changed. Piao et al. (2004) reported 
positive effects when SLW increased from 100 to 130 kg, which included increasing 
carcass grade and water holding capacity. The increase in SLW might also improve some 
other meat quality traits, such as intramuscular fat (IMF) content, flavor profile, juiciness 
and cooking loss (Weatherup et al., 1998; Čandek-Potokar et al., 1999; Latorre et al., 2004; 
Đurkin et al., 2012).  Meanwhile, greater post-mortem activity of calpastatin, lactate 
dehydrogenase and citrate synthase were reported when slaughter weight increased to 125 
kg from 105 (Duan et al., 2017), which provided a potential mechanism for effects of 
increased slaughter weight on pork quality.   
Figure 2.9 Effects of SLW on the intramuscular fat content of LM 
Taken from Apple et al. (2009c), each datum point represents the least squares mean (±SE) of 9 
pigs. a-c SLWs lacking common letters differ, P < 0.05. 
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Table 2.3 Review of recent research on the effect of slaughter weight 
Author SLW, kg Pigs (n) Genotype Main Conclusion 




200 Crossbred As SLW increased from 100 to 127 kg, there was an increase in backfat 
thickness and longissimus muscle area. The 127 kg group tended to 
have lower percentages trimmed lean cuts than the other groups. 






288 Not reported Linear increases of backfat depth, carcass weight, and dressing 
percentage were observed as SLW increased. Average daily gain 
(ADG) remained constant relative to SLW. Barrows had superior 
growth rates but inferior fat measurements in comparison to gilts, partly 
due to puberty of the gilt. 




144 PIC crossbred Barrows had higher ADG than gilts. ADG reduced by 15.6 gram after 
125 kg, and F/G increased with the increasing weight. 




897 Crossbred Increases in SLW from 80 to 120 kg were associated with a reduction 
in ADG, increases in backfat and longissimus muscle area, with a 












Limited differences between genotypes or sexes in the slopes of the 
linear regressions were observed; increases in SLW were associated 
with increases in ADFI, back fat depth, and loin eye area, curing yields 
for the belly, loin fat content, and minimal changes in ADG or F/G. 
Percentage of loin increased while percentages of ham, shoulder, and 
spare rib decreased with SLW. The weight of trimmed, boneless cuts 
increased with SLW, but percentages were reduced. Meat quality was 




100, 130 80 Duroc × (Landrace 
× Yorkshire) 
Increasing SLW led to the enlargement of slow-red- and fast-white- 
muscle fibers, higher relative areas of slow-red-fibers, without changing 
the histochemical profile of muscle. This change could be beneficial for 
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288 3/4 Landrace × 1/4 
Largewhite 
Increasing SLW increased carcass weight, dry matter content and crude 
protein content of loin muscle, while shear force and intermuscular fat 
content were not affected. A significant interaction between weight and 
gender on drip loss. Ultimate pH and cooking loss decreased with 
increasing weight.  
Averette 




288 PIC crossbred The backfat depth and loin depth increased with increasing SLW, while 
lean percentage decreased. With increasing weight from 80 to 128 kg, 
ADG decreased linearly, while F/G increased linearly. Drip loss showed 
a quadratic response to the increasing weight, it increased firstly and 
then decreased. 
Virgili et al. 
(2003) 
144, 182 128 Italian Large 
White, Duroc × 
(Italian Large 
White × Italian 
Landrace), other 
two hybrid pigs. 
With increases in SLW, muscularity indexes for carcass and lean cut 
yields decreased, but dressing percentage and longissimus muscle area 
increased. Older pigs produced redder and darker semimembranosus. 
Loin muscle of heavier pigs had lower drip and cooking loss. Ham 
subcutaneous fats from heavier pigs had a greater percentage of oleic 
acid and lower proportions of moisture, linoleic and linolenic acids.  
Latorre et 
al. (2003) 
110, 130 240 Danish Duroc; 
Dutch Duroc × 
Large White; 
Pietrain × Large 
White 
Barrows had greater ADFI, ADG, and F/G, while lower yield of 
trimmed lean cuts than gilts; Loin muscle from barrows had more 
intramuscular fat and higher a* value; genotype differ in their potential 
in heavy SLW, an increase in age at slaughter impairs growth efficiency 





192 (Pietrain × Large 
White)  × 
(Landrace × Large 
White) 
Barrows had higher ADFI, ADG, and F/G than gilts from 75 kg to 133 
kg. ADG, but not ADFI decreased with increasing SLW, while F/G 
increased. Dressing percent, backfat depth, carcass length, and ham and 
shoulder weights increased as SLW increased from 116 to 133 kg. The 
LM from pigs slaughtered at 133 kg was darker (lower L*), redder 
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224 Duroc  × (Landrace 
× Large White) 
ADG and ADFI were higher in barrows than gilts, ADFI and F/G 
increased as body weight increased from 100 to 130 kg. Carcass grade 
and water holding capacity were the highest in 110 kg market weight 
pigs. Net profit [(carcass weight × price by carcass grade)-(total feed 
cost + cost of the purchased pig)] was higher in gilts than barrows and 
was higher in the pigs marketed at 110 and 120 kg market weight 
compared to 100 kg market weight. 








Different breed showed significant differences in moisture and lipid 
content in fat tissues. Commercial hybrid lipids had higher 
polyunsaturated fatty acids PUFA and smaller SFA content and higher 
iodine value. An increased SLW was associated with a lower degree of 











Sex of pigs, and particularly weight of lean meat and weight of fatty 
parts had a significant effect on intramuscular fat content while no 
effect of the genotype and SLW was observed. SLW correlated with 
the percentage of lean meat, negatively in castrates and positively in 
gilts. The relations of both weights (SLW, HCW) with IMF were 
closer in gilts than in castrates.  




340 Duroc × (Landrace 
× Yorkshire) 
As SLW increased, there were significant increases in hot carcass 
weight and dressing percentage. Soluble collagen content decreased 
with creasing weight, while muscle protein content increased from 107 
to 115 kg. Lean, fat and bone proportions were not affected by weight. 
Gilts had higher lean proportion than barrows. Loin muscle pH, drip 
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340 Duroc  × (Landrace 
× Large White) 
Backfat thickness increased with weight, while fat firmness was only 
affected by sex, with gilts showing softer bellies than barrows. Fat from 
gilts and slow growing pigs showed a lower proportion of SFAs, a 
higher proportion of linoleic fatty acid, a higher proportion of total 
PUFA, and an increased iodine value in the belly. The belly fat from 
barrows and fast-growing pigs had higher stearic acid and SFA 
proportions than that from gilts and slow growing pigs. The belly fat 
from gilts and slow growing pigs would better meet the health 
requirements of consumers, but it is more prone to rancidity during 






200 Duroc × (Landrace 
×Yorkshire) 
Barrows had fatter carcasses and wider hams but a lower yield of the 
trimmed shoulder, loin, and ham than gilts. An increase in SLW 
tended to decrease ADG while increased F/G. Dressing percentage, 
fat, and dimensions of carcass and ham increased as SLW increased. 
Although the weight of trimmed primal cuts increased with SLW, the 
yield of trimmed loin and ham decreased.  
Serrano et 
al. (2008) 
145, 156 360 Duroc ×  Iberian Intact females ate less, tended to have lower F/G and had less carcass 
fat and more primal cuts yield than castrated males and castrated 
females. F/G increased with increasing live weight from 145-156 kg. 
An increase in SLW improved carcass yield but tended to decrease 
trimmed ham yield. Intact females are an alternative to castrated females 
for intensive production of Iberian pigs. The reduction in SLW from 







288 Crossbred Body weight, carcass weight, and backfat depths increased as SLW 
increased from 28 to 114 kg. The proportion of SFA and MUFA in the 
LM, backfat and whole carcass increased with increasing SLW from 28 
to 68 kg, but SFA percentages were similar. The proportion of PUFA in 
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99 PIC P337xC23 Meat color, pH24, drip loss, cooking loss, and instrumental tenderness 
significantly influenced the SLW. The highest cooking loss was found 
in the group slaughtered at 120 kg live weight, while the lowest was in 
the group where pigs were slaughtered at ≥170 kg. Drip loss, meat color, 
instrumental tenderness were best when slaughtered at 140 and 160 kg. 
Gender influenced only cooking loss. Increasing SLW to ≥170 kg had 
no major benefit on technological meat quality traits. 




240 PIC crossbred Barrows grew 3.7% faster, consumed 5.4% more feed than gilts. Gilts 
had 9.6% less backfat, 5.2% larger Longissimus muscle area, and had 
numerically greater predicted carcass lean weight. Instantaneous ADG 
peaked at approximately 78 and 77 kg live weight for barrows and gilts, 
respectively, and decreased after that. Instantaneous ADFI peaked at 
approximately 115 and 121 kg for barrows and gilts and decreased 
subsequently. Instantaneous gain to feed decreased quadratically with 
increasing live weight increased. Backfat depth, longissimus muscle 
area, and predicted lean carcass weight increased for barrows and gilts. 
Choi et al. 
(2013) 
93， 115 161 Largewhite Heavier pigs had a higher percentage of type I fibers. Heavier pigs 
showed better meat quality characteristics without significant 





86 Duroc × [Landrace 
× Yorkshire] 
The loin eye area was 1.47 times greater when slaughtered at 131 kg 
compared to pigs slaughtered at 96 kg. Carcass percent was similar 
across different SLW groups. No significant differences were observed 
in muscle 45-min pH, lightness, drip loss, and shear force, and higher 
live weights did not influence sensory quality attributes, including 
tenderness, juiciness, and flavor.  
Dalla Bona 
et al. (2016) 
145 96 Commercial hybrid ADFI and F/G increased from 30 to 145 kg, ADG changed quadratically 
with the increasing weight, ADG increased from 30-80 kg, while 




Table 2.3 continued 
Juárez et al. 
(2016) 
115, 135 648 Duroc Lacombe / 
Iberian  × 
(Landrace × 
Largewhite)  
Both sex and SLW also had significant effects on some individual fatty 
acids and indices. However, dietary treatment was responsible for the 
most variation of the fatty acid profile in different tissues. 




119 Crossbred Increasing SLW to 125 kg resulted in greater post-mortem activity of 
calpastatin, lactate dehydrogenase, and citrate synthase. Pork toughness 
and juiciness at 6 d were affected by the interaction SLW × growth rate 
× sex. Slaughter weight can be increased to 125 kg without appreciable 
effect on the sensory properties. 
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However, other researchers have reported negative effects on pork quality. Such as 
deteriorations in tenderness and overall acceptability, and the increase in shear force (Ellis 
et al., 1996), reductions in longissimus thoracis color and firmness scores, lower 24-h pH, 
tenderness scores, and moisture content in the longissimus lumborum. These researchers 
indicated that heavier pigs (from 100 to 160 kg) might be more prone to the development 
of the PSE (pale, soft, and exudative) condition (Cisneros et al., 1996). There is also some 
research, that failed to detect any effect of increasing SLW (Leach et al., 1996; Correa et 
al., 2006; Choi et al., 2013; Choi and Oh, 2016). The discrepancy in the reported effects of 
SLW between studies may be explained by the genetics and age of the pigs at slaughter 
(Duan et al., 2017). 
2.3.2 Slaughter weight, genetic backgrounds, and gender 
The genetic potential of commercial pigs has changed dramatically over recent 
years. Therefore growth performance and meat quality of pigs may have different trends. 
A significant interaction between slaughter age and genotype was detected for carcass 
length, the increase in carcass length observed with age was more pronounced for Danish 
Duroc than for Dutch Duroc × Largewhite, and Pietrain × Largewhite sired pigs (Latorre 
et al., 2003). A significant difference in 45-min pH was reported between a breeding 
company commercial hybrid (BCH) and a three-breed cross of Yorkshire × Duroc dams 
with Hampshire sires (HYD) (Cisneros et al., 1996).  Meat quality characteristics including 
color, firmness, 24-h pH, tenderness, and moisture for both breeds linearly decreased with 
the increasing SLW from 100 to 160 kg, drip loss and fat content linearly increased in pigs 
with genotypes of either BCH or HYD (Cisneros et al., 1996). However, in other research 
using pigs with genotype as (Pietrain × Large White) × (Landrace × Large White), 45-min 
pH of the semimembranosus muscle from pigs slaughtered at 133 kg was higher than that 
from pigs slaughtered at 116 or 124 kg (Latorre et al., 2004). Different with what was 
previously discussed, where lean growth plateau and lean percentage decreased with 
increasing SLW, loin eye area was reported to linearly increase with the increasing weight 
from 100 to 160 kg in pigs of high lean gain genotypes (Cisneros et al., 1996). The loin 
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yield increased in both quantity and percentage with increasing weight, while the 
percentage of ham, shoulder, and spare rib decreased. Besides, there is evidence that 
intensive selection for lean growth may cause a significant change in the muscle metabolic 
characteristics, resulting in a higher proportion of glycolytic fibers (type IIB) and fiber size 
and reduced post-mortem proteolytic enzyme activity, which might also change with SLW 
(Duan et al., 2017). Selection for increased growth rates may result in softer and thinner 
bellies due to reduced fat deposition and higher degrees of unsaturation (Culbertson et al., 
2017; Lu et al., 2018a) which means the more newly developed breeds/hybrids might have 
a different curve for fat deposition. 
The change in pork quality is also affected by gender. Barrows have more desirable 
color, firmness, marbling than gilts (Cisneros et al., 1996), and higher 45-min pH and 24-
h pH in muscle (Latorre et al., 2004). Barrows also had fatter carcasses and wider hams but 
a lower yield of the trimmed shoulder, loin, and ham than gilts (Latorre et al., 2008). More 
saturated fat was reported in the dorsal fat of bellies from gilts compared to bellies from 
barrows (Lo Fiego et. al., 1992). However, in other research gilts showed softer bellies than 
barrows, and fat from gilts and slow growing pigs showed a lower proportion of saturated 
fatty acids, a higher proportion of linoleic fatty acid (C18:2 n-6), a higher proportion of 
total polyunsaturated fatty acids (PUFA), and an increased iodine value in the belly. Higher 
PUFA: SFA ratios and n-6:n-3 FA ratios were also observed in bellies of gilts compared to 
the bellies of barrows (Correa et al., 2008).  
2.3.3 Fatty acid profile changes along with slaughter weight 
Regardless of genetic background, the increase in backfat thickness along with 
increasing SLW is associated with an increase in saturated and monounsaturated fatty acids 
(MUFA) and a reduction in polyunsaturated content (Fiego et al., 2005). Although fatty 
acid profiles may change along with the increasing SLW, the impact of increasing SLW 
on most of the fatty acids was very small compared with the other factors, indicating that 
taking hogs to heavier weights will have little effect on the fatty acid profile of pork (Juárez 
et al., 2016).  
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The increase in SLW was associated with a lower degree of lipid unsaturation, but 
this difference disappeared after pigs grew up to more than 160 kg (Fiego et al., 2005). The 
percentage of total fat, SFA and MUFA in subcutaneous fat, loin muscle and whole carcass 
increased, while the percentage of PUFA decreased as SLW of pigs increased from 28.1 to 
113.6 kg regardless of the type of dietary fat source (beef tallow, poultry fat, or soybean 
oil) as shown in Figure 2.10.  
Figure 2.10 Trend of the fatty acid profile with the increasing SLW from 28 to 114 kg 
Data from (Apple et al., 2009b, a, c). Values for whole carcass and backfat are only fatty acid 
profiles from the control group which was no fat added corn-soybean meal based diets, while 
values for loin muscle are average value across all treatments including control and 5% added 
beef tallow, poultry fat, or soybean oil.   
Along with SLW, P2 fat thickness also has an important effect on the fatty acid 
composition of subcutaneous fat, as a result on fat quality, which can be defined in terms 
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of firmness and degree of cohesiveness between lean and fat tissues (Wood et al., 2008). 
In a study of carcasses with three different P2 backfat thickness (8, 12, and 16 mm), the 
proportion of C18:0 increased, while that of 18:2n6 decreased as fat thickness increased. 
The backfat of pigs with 16 mm P2 was firmer than the pigs from the 8 mm P2 group, and 
there was less separation between fat and underlying muscle (Wood et. al., 1986).  
Beyond the change in the proximate composition of the carcass along with 
increasing SLW and backfat thickness, the fatty acid profile in the fat tissue also changes 
with increasing SLW. The C18 fatty acids 18:0 and 18:1cis9 increased in proportion and 
18:2n-6 decreased with increasing SLW in pig subcutaneous adipose tissue (Kouba et al., 
2003). This change might be due to an increasing role for de novo tissue synthesis of 
saturated and MUFAs and a relatively declining role for the direct incorporation of 18:2n6 
from the diet. 
2.3.4 Nutritional strategies affect pork production under heavy slaughter weight 
When it comes to nutritional strategies, amino acids and energy concentration and 
their ratio in the diet are the key factors which have been massively reported to affect lean 
and fat yield of pigs (Cacciavillani and Bosi, 1996; Nieto et al., 2013; Liu et al., 2015b; 
Díaz et al., 2017; Sandberg et al., 2018).   
With increasing ME intake, pigs gain more fat than lean.  As shown in Figure 2.11, 
when different energy intake in different groups was obtained by adding from 0 to 0.8 kg 
of cornstarch (17.2 ME MJ/kg) in 0.1 kg intervals to a 2.6 kg base diet, the daily live weight 
gain increased with energy intake, while lean carcass percentage decreased to nearly 47%. 
Because the surplus energy was mainly allocated to fat deposition (Cacciavillani and Bosi, 
1996).  
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Figure 2.11 Effect of energy intake from 92 kg to slaughter on daily live weight gain 
(DLWG) and carcass lean percentage of Italian heavy pig 
Taken from Cacciavillani and Bosi (1996). Different energy intake in different groups was 
obtained by adding 0 to 0.8 kg of corn starch (17.2 ME MJ/kg DM) in 0.1 kg intervals to 2.6 kg 
base diet.  
Different ratio of dietary protein to ME can also affect deposition of fat and protein. 
Nieto et al. (2013) proposed equations to project both protein and fat content in pigs with 
different empty weight fed different ratio of apparent digestible protein to ME (ApDP: ME) 
from 10 to 150 kg, based on slaughter data of 211 growing-finishing Iberian pigs, as shown 
below. The equations emphasize the importance of nutritional strategy including ApDP: 
ME and feed intake; the protein content of the carcass increased with increasing ApDP: 
ME from 5.96 to 10.87, while fat content decreased.   
Protein = 189 -1.33 × EBW + 0.0055 × EBW2 + 0.93 × ApDP:ME – 4.15 × ME 
intake:MEm (n=211, r2 = 0.875; RSD = 8.54) 
Fat = 99 +7.10 × EBW - 0.0278 × EBW2 – 4.2 × ApDP:ME + 8.1 × ME intake:MEm 
(n=211, r2 = 0.0.941; RSD = 30.2) 
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2.3.5 Growth performance of heavy slaughtered pigs 
Limitations of heavy SLW pigs are commonly accepted as decreasing efficiency in 
both weight gain and lean production, although responses may vary depending on the 
gender, genotype, nutritional strategy and management.  
With increasing live weight, both ADG and ADFI display quadratic responses, 
while Gain/Feed (G:F) keeps decreasing as live weight increases for both barrows and gilts 
as shown in Figure 2.12. Instantaneous ADG, calculated as “derivative weight/derivative age” 
based on regression equations of live weight responding to age, peaked at approximately 
78 and 77 kg live weight for barrows and gilts, respectively, and decreased after that. 
Instantaneous ADFI, calculated as “derivative feed-intake / derivative age” based on regression 
equations of live weight responding to age, peaked at approximately 115 and 121 kg for 
barrows and gilts, respectively, and decreased subsequently (Latorre et al., 2003; Latorre 
et al., 2004; Shull, 2013). Barrow and gilts had a different response with increasing weight 
up to 160 kg. Barrows grew 3.7% faster, consumed 5.4% more feed, and tended to have a 
lower G:F ratio (1.9%) than gilts from 70 to 168 kg (Shull, 2013). ADG reduced by 35 and 
24 g/d of barrows and gilts, respectively, with increasing weight from 90 to 115 kg. Pigs 
with different genotype, gender and raised in different conditions (group vs. individual) 
also had a different response to the increasing weight (Cisneros et al., 1996; Shull, 2013).  
The instantaneous G:F, calculated as “instantaneous ADG / instantaneous ADFI,” 
decreased quadratically as live weight increased for both barrows and gilts, with the most 
rapid decline occurring from weaning to ~25 kg live weight (Shull, 2013).  Barrows and 
gilts had a different response, instantaneous G:F was generally higher for gilts than barrows 
from 50 to 150 kg live weight. Beyond 150 kg, the onset of estrus in gilts would interfere 
with growth performance, which might slow down the growth and depress the efficiency 
(Shull, 2013).  
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Figure 2.12 Regression of instantaneous ADG, average daily feed intake, and G:F against 
live weight for barrows and gilts  
Taken from Shull (2013) 
Regardless of gender, breed and other factors, increasing marketing weight to more 
than 125 kg affected overall pig growth; in particular, cumulative ADG decreased by 4.0 
g, ADFI increased by 78.1 g, and F/G increased by 0.011 for every 10 kg increase of 
marketing weight, based on a review paper that included pigs from 125 to 181 kg (Wu et 
al., 2017).  
Due to the limited literature published and the big variance in breed and 
management, the values listed above are still debated depending on different end weight, 
gender, and housing condition. As reviewed by Wu et. al. (2017), most studies reported a 
decrease in cumulative ADG by 3.6 to 54.9 g for every 10 kg increase in marketing weight 
from 92 to 181 kg (Neely et al., 1979; Weatherup et al., 1998; Latorre et al., 2008; Shull, 
2013), whereas some studies showed increased ADG by 2.8 to 8.7 g from 92 to 160 kg 
(Neely et al., 1979; Cisneros et al., 1996; Latorre et al., 2003; Serrano et al., 2008).  
Depending on the weight range evaluated, growth performance changes differently. 
For example, while growth rate decreased by 38 g/d for every 10-kg increase from 116 kg 
32 
to 133 kg (Latorre et al., 2004), within the weight range of 110 to 140 kg, ADG decreased 
at a rate of only 19 g/d for every 10-kg increase in BW (Leach et al., 1996). Cumulative 
ADFI was reported to increase by 52.7 to 163.6 g from 73 to 181 kg (Sather et al., 1980; 
Cisneros et al., 1996; Serrano et al., 2008; Shull, 2013). Increase in cumulative F/G was 
consistently reported from 73 to 181 kg (Wu et al., 2017).  
Similar to the relationship between slaughter weight and pork yield, nutrient 
strategy, genetic background and some additives can also affect the trend of growth 
performance responding to increasing SLW (Bosi et al., 2000; Fiego et al., 2005; Apple et 
al., 2009c; Nieto et al., 2013; Asmus et al., 2014; Possamai et al., 2018). While better 
balance in dietary nutrients, such as ideal amino acid or SID amino acid per unit of ME, 
enzyme supplementation and growth promoters can improve efficiency, they cannot 
counter the decreased efficiency in weight gain caused by increasing maintenance and fat 
deposition. The cost per unit of pork product is increased in this case, and it becomes a 
drawback for increasing marketing weight.  
2.4 Role of fat in grow-finishing pigs 
Fats, together with their constituent fatty acids, serve many important roles within 
swine diets (NRC, 2012). Fat refers to a solid physical appearance of lipid; the term “fat” 
is sometimes used interchangeably with “oil.” Fats and oils are the most common lipids in 
food, the majority of fats are comprised of three fatty acid molecules connected to a 
glycerol molecule, which is why they are called “triglyceride”(E. J. Sparke, 1998). The 
three fatty acids could be different or similar fatty acids (Valenzuela and Valenzuela, 2013).  
Technically, a fat is defined as a mixture of triacylglycerides (TG) which is solid or pasty 
at room temperature (usually 20 °C), while the term oil corresponds to a mixture of 
triglycerides which is liquid at room temperature. In addition to TG, which are the main 
components of fats and oils (over 90%), these substances frequently contain a relatively 
small amount of diacylglycerides, mono-acylglycerides, phospholipids, sterols, terpenes, 
fatty alcohols, carotenoids, fat-soluble vitamins, and many other minor chemical structures 
(Valenzuela and Valenzuela, 2013). The term “lipid” could be used to include all different 
fats and oils. In this dissertation, the term fats is used to refer to “lipids.”  
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2.4.1 Characteristics of different fats used in animal feeds 
A wide variety of feed fat sources are used in animal feed applications for many 
reasons. Appropriate use of fat can improve palatability, feed efficiency, and reproductive 
performance (Ziggers, 2005). Fat can also be used to reduce the production of dust 
generated during feed mixing when supplemented in the diet at a level of around 2.5% 
(Chiba et al., 1985). Added fat can also be used to reduce wear on feed processing 
equipment and increase the uniformity of feed mixes. They are selected in feed formulation 
depending on both their functionality and the availability, quality, feeding value, and 
relative price to achieve the best return on investment (ROI) or other quality related pursuit. 
Fat sources include vegetables (soybean, rapeseed, corn, palm, coconut, and cottonseed), 
animals (cattle, pig, poultry, and fish), and blends or processed products from vegetable 
and animal sources.   
2.4.1.1 Fat sources and their unique fatty acid profile 
Different fat sources are distinguished by different fatty acid profiles, as shown in 
Table 2.4. The fatty acid profiles of each fat source are unique in either length of the carbon 
chain or degree of saturation. The basic structure of fatty acids is hydrocarbon structures 
(containing carbon and hydrogen atoms) formed by four or more carbons attached to an 
acidic functional group called carboxyl group, the higher the number of carbon atoms of 
the chain the higher melting point of the fatty acid (Valenzuela and Valenzuela, 2013).  
According to the chain length, fatty acids are classified as short-chain fatty acids 
with four (C4) to six (C6) carbons; as medium-chain fatty acids with eight (C8) to fourteen 
(C14) carbons; as long-chain fatty acids with sixteen (C16) to eighteen carbons (C18); and 
as very long-chain fatty acids with twenty (C20) or more carbon atoms. Molecules having 
less than four carbon atoms (C2; acetic acid and C3; propionic acid) are not considered 
fatty acids due to their high water solubility.  
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Table 2.4 Fatty acid profiles of vegetable oils 
Fats SAF SFL WHG SES RB RPS PNT OL CO COC 
C6:0 nd nd nd nd nd nd nd nd nd 0.52 
C8:0 nd nd nd nd nd nd nd nd nd 7.6 
C10:0 nd nd nd nd nd 0.01 nd nd nd 5.5 
C12:0 nd 0.02 0.07 nd nd nd nd nd nd 47.7 
C14:0 0.10 0.09 nd nd 0.39 nd 0.04 nd nd 19.9 
C15:0 nd nd 0.04 nd nd 0.02 nd nd nd nd 
C16:0 6.7 6.2 17.4 9.7 20.0 4.6 7.5 16.5 11.9 nd 
C17:0 0.04 0.02 0.03 nd nd 0.04 0.07 nd nd nd 
C18:0 2.4 2.8 0.7 6.5 2.1 1.7 2.1 2.3 1.7 2.7 
C20:0 nd 0.2 nd 0.6 nd nd 1.0 0.4 nr nd 
C22:0 nd nd nd 0.14 nd nd nd 0.2 nr nd 
C16:1 (n-7) 0.08 0.12 0.21 0.11 0.19 0.21 0.07 1.80 nr nd 
C17:1 (n-7) nd nd nd nd nd nd nd nd nr nd 
C18:1cis (n-9) 11.5 28.0 12.7 41.5 42.7 63.3 77.1 66.4 27.2 6.2 
C18:1trans (n-9) nd nd nd nd nd 0.14 nd nd nd nd 
C20:1 (n-9) nd 0.18 7.91 0.32 1.11 9.10 nd 0.30 nr nd 
C18:2cis (n-6) 79.0 62.2 59.7 40.9 33.1 19.6 18.2 16.4 56.8 1.6 
C18:3 (n-3) 0.15 0.16 1.20 0.21 0.45 1.20 nd 1.60 1.40 nd 
C18:3 (n-6) nd nd nd nd nd nd nd nd nr nd 
SFAs 9.3 9.4 18.2 16.9 22.5 6.3 10.7 19.4 14.1 92.1 
MUFAs 11.6 28.3 20.9 42.0 44.0 72.8 71.1 68.2 27.6 6.2 
PUFAs 79.1 62.4 61.0 41.2 33.6 20.9 18.2 18.0 58.3 1.6 
n-3 PUFAs 0.15 0.16 1.20 0.21 0.45 1.20 0.00 1.60 1.50 nd 
n-6 PUFAs 79.0 62.2 59.7 40.9 33.1 19.6 18.2 16.4 56.8 1.6 
Adapted from (Orsavova et al., 2015; Kellner et al., 2017); Data were expressed as percentages 
of total fatty acid methyl esters (FAMEs); “nd” means that FAs were not determined; “nr” means 
that FAs were not reported. Abbreviations of the samples: SAF—safflower, SFL—sunflower, 
WHG—wheat germ, SES—sesame, RB—rice bran, RPS—rapeseed, PNT—peanut, OL—olive 
oil, CO-corn oil, and COC—coconut oil.  
Based on the presence or absence of double bonds, fatty acids are classified into 
three categories, which are saturated fatty acids without double bonds (SFA), 
monounsaturated fatty acids with one double bond (MUFAs) and polyunsaturated fatty 
acids with two or up to six double bonds (PUFAs). Furthermore, each UFA can be 
classified as cis- or trans- based on the configuration of the double bonds, and as n-3 
(omega-3), n-6 (omega-6) PUFAs or others depending on the position of the first double 
bond from the fatty acid methyl-end. Different forms of fatty acids function differently in 
animal metabolic reactions, cis-unsaturated fatty acids are potent inducers of adiposomes, 
while trans- unsaturated fatty acids are not (Orsavova et al., 2015). 
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The sources of the fat used in the swine industry can be either vegetable fats or 
animal fats. Vegetable fats have relatively stable fatty acid profiles for each unique species, 
while fatty acid profiles of animal fat are highly affected by the dietary fatty acid profile 
and vary across species. They are selected as energy sources in a diet depending on their 
price and quality to achieve the best economical advantage.  
Vegetable fats are frequently classified into pulp oil and seed oil according to their 
source. Pulp oil is obtained from the pulp of fruits, such as palm, olive, avocado; and seed 
oil is extracted from seeds, such as soybean, sesame, corn, and peanuts (Bora et al., 2001; 
Orsavova et al., 2015). The amount of lipids in plant parts varies from as low as 0.1% in 
potatoes to about 70% in pecan nuts. Fatty acid profiles of different vegetable fats are 
different across different plant varieties and species (Orsavova et al., 2015).  
Animal fats can be categorized as milk fats, rendered fats, and fish oils. Animal fats 
vary in their saturation level depending on species, diet, and climate. The degree of 
saturation affects the fats’ melting point, plasticity and behavior in a food product (Barbut, 
2011). In commercial practice for animal husbandry, most fats are extracted fats primarily 
from rendered tissue fats obtained from livestock such as pigs, chickens, and cattle. 
2.4.1.2 Quality characteristics of feed fat 
“Fat Quality” is the term used to reflect both physical and chemical properties of 
fats that are necessary for any specific purpose. The primary function of fat in the swine 
industry is to provide an economical source for high-density energy and essential fatty 
acids. Most research in the area of animal nutrition focused on the understanding of factors 
influencing the energy value of supplemental fat. However, more directly concern in 
practice is often at potential detrimental effects of supplemental fat on diet acceptability 
and feed intake (Zinn and Center, 1995). Different from the evaluation of value as energy 
sources, common measures of feed fat do not provide any specific information related to 
their feeding value but are more reflective of the general quality of the fat. It is also through 
these indices that fats are classified as feed grade or human edible. These measurements 
include color, odor, taste, MIU (moisture, insolubles, and unsaponifiables), total fatty acids 
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(TFA), free fatty acid (FFA), iodine value (IV), saponification value (SV), peroxide value 
(PV), anisidine value (AV), thiobarbituric acid reactive substances (TBARS), active 
oxygen method (AOM), and titer (the temperature at which the oil solidifies) according to 
guidelines published by National Renderers Association (2008). In some cases, aflatoxin, 
heavy metals (arsenic and lead), bacterial, and residuals of the organic solvents are also 
measured, but less frequently. 
According to a survey of lipid quality in the Midwest U.S.A reported by Shurson 
et al. (2015), different fats sources from their local feed mills had a range in total MIU from 
0.8 to 3.7%, AOM from 8.0 to 332 h, IV from 66.3 to 84.0 g/100 g lipid, PV from 0.4 to 
7.3 mEq/kg, and FFA content from 5.8 to 51.6%. Although the survey was only limited to 
a small area, the wide range in composition and quality of lipids being fed to livestock and 
poultry is very common globally. A description of the lipid quality is necessary for research 
on the effect of fat sources on performance of animals. 
Lipid peroxidation is one of the most important quality factors related to animal 
growth performance and health (Shurson et al., 2015). Lipid peroxidation in fat sources 
occurs in the same steps as in the pork, as discussed in section 2.2.2.7. It is a complex 
process, which can be affected by many factors, such as the degree of saturation, 
temperature of storage, the presence of oxygen, transition metals (especially Cu and Fe), 
undissociated salts, moisture, and other non-lipidic compounds. Because of the complexity 
of lipid peroxidation, a combination of PV, TBARS, and AV may be used to better provide 
a direct assessment of the extent of peroxidation in a lipid at an acceptable cost. Lipid 
oxidation generates many secondary and tertiary peroxidation products including 
aldehydes, ketones, alcohols, hydrocarbons, volatile organic acids, and epoxy compounds, 
which have detrimental effects on animal health. Hanson et al. (2014) reviewed 16 
published studies with pigs and observed an average decrease of 11.4% in growth rate and 
8.8% in feed intake when pigs were fed isocaloric diets containing peroxidized fats 
compared to diets containing normal lipids of the same source. Similarly, a meta-analysis 
of 29 publications including 42 poultry and 23 swine trials showed overall reductions in 
ADG (5%), ADFI (3%), and feed efficiency (2%) when animals were fed with isocaloric 
diets containing peroxidized fats compared to those fed un-peroxidized fats (Hung et al., 
2017). 
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MIU are some of the most basic information as a reference for quality before a 
certain fat can be used in the diets for pigs. Some condensation moisture and impurity 
materials are unavoidable during the process of fat extraction; however maximum MIU 
content is limited to less than 2 % for most animal fats and less than 1.5 % for most 
vegetable oils. A high content of MIU facilitates the autocatalytic hydrolysis of 
triglycerides and reduces the oxidative stability index of the fat sources (Shurson et al., 
2015).  
TFA and FFA reflect the purity and wholesomeness of a fat. Because average 
triglycerides contain approximately 90% fatty acids and 10% glycerol, fats with TFA levels 
less than 90% are normally related with a dilution of fat with other ingredients, which 
reduces the value of fat as an energy source (Zinn and Center, 1995). As part of the 
triglyceride, FFA comes from either the hydrolysis of the fat or those free fatty acids failed 
to be esterified to glycerol. The presence of high levels of FFA may be indicative of 
improper storage or handling of the fat in most cases in the feed industry. FFA has a lower 
digestibility than that of triglycerides, and may also show a negative effect on the 
digestibility of the fat (Pesti et al., 2002; Shurson et al., 2015).  
IV is another important quality factor mostly used in studies of fat sources focusing 
on pork quality (Kellner et al., 2016). IV refers to the grams of iodine taken up by 100 gram 
of fat. This measurement can reflect the degree of saturation of a fat source by indicating 
the relative content of double bonds within the constituent fatty acids. The higher IV 
indicates that fat is more unsaturated and softer. Quality deterioration happens fast during 
inappropriate processing, handling, and storage for highly unsaturated fats. The IV can be 
measured  directly (AOAC, 1997) or indirectly. The direct method uses the reaction of fatty 
acids with iodobromine to determine the amount of iodine needed per 100 g of fat. The 
indirect method estimates stoichiometrically via fatty acid profile, which can be determined 
using gas chromatography of fatty acid methyl esters (FAME) derived from the fat 
according to equation 2-1: 
Equation 2.1:  IV =  ∑ 100 ×  𝐹𝐴𝑀𝐸𝑖 ×253.81 ×𝑑𝑏𝑖
𝑀𝑊𝑖
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Where FAMEi = the proportion of fatty acid methyl ester of the ith fatty acid in the 
fat, 253.81 is the molecular weight of I2, dbi = number of the double bonds in the ith FAME 
(Meadus et al., 2010; NRC, 2012).  
2.4.2 Importance of fat for pork production 
Fat plays a key role in the growth and development of pigs, and the requirements 
of these molecules (mainly fatty acids) changes with age and individual physiological state. 
Biological attributes of dietary fat include: 1) provide a dense source of energy (Pettigrew 
et al., 1991; Gu and Li, 2003; Boyd, 2015; Kellner and Patience, 2017); 2) provides 
essential fatty acids (Liu, 2015; Rosero et al., 2015); 3) facilitates absorption and 
transportation of fat-soluble vitamins (Prévéraud et al., 2014; Prévéraud et al., 2015; Ng et 
al., 2016); 4) affects meat quality (Wood and Enser, 2017; Jinno et al., 2018); 5) provides 
bioactive lipid molecules (Diao et al., 2017; Guo et al., 2017; Wortley et al., 2017); and 6) 
acts as important signal compounds (Karimi et al., 2017; Shin et al., 2017). The bioactive 
lipid molecules are fundamental mediators of multiple signaling pathways, and they are 
indispensable compounds of cell membranes (Liu, 2015). As signal compounds, lipids 
could be associated with some pathological states, such as cancer, cardiovascular, 
neurodegenerative, and metabolic diseases, and similarly with inflammatory complications 
(Janssen and Kiliaan, 2014; Hooper et al., 2015; Liu, 2015).   
As food components in the meat and other swine products, fats are also important 
because they: 1) are significant in providing organoleptic characteristics, including 
palatability, flavor, aroma, and texture (Calvo et al., 2017; Wood and Enser, 2017); 2) are 
vehicle for fat-soluble vitamins, pigments or dyes and antioxidants (Poyato et al., 2015; 
Verma et al., 2015); 3) may act as emulsifying agents to promote the stability of 
suspensions and emulsions during meat processing (Liu et al., 2015a; Verma et al., 2015); 
and 4) may provide essential fatty acids and n-3 UFAs which are beneficial to animal and 
human health (Jenkinson et al., 1999; Sobol et al., 2015).  
The significant content of fat in meat products has drawn the attention of the 
consumers, who are concerned about the quality of fat. This concern from the consumers 
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has driven the onset of research focusing on altering fatty acid profiles in pork, more 
specifically increasing the content of beneficial fatty acids. The fat in the pork, especially 
the UFAs, has been implicated in cardiovascular diseases in humans (Wood et al., 2008). 
Meat composes a significant portion of the normal diet, which contributes more than 15% 
to daily energy intake, 40% to daily protein intake, and 20% to daily fat intake in developed 
countries like America and the European Union (Daniel et al., 2011). Consumers today 
have come to expect much more of the food system. Since the late 1950s, the American 
Heart Association firstly recommended that dietary cholesterol, saturated fat, and total fat 
should be reduced for the prevention of cardiovascular disease (CVD); and to date, 
numerous epidemiologic studies have investigated meat intake and cancer risk (Cross and 
Sinha, 2004; Lichtenstein et al., 2006; Carrie et al., 2011). Intake of fat and meat, primarily 
from red meat, has been of public health concern. The alteration of dietary FAs can be used 
to increase the beneficial UFA deposition in pork such as linolenic acid. However, the 
increasing content of UFAs will reduce firmness and accelerate discoloration in pork, 
which might be improved by VE supplementation through diets (Cheng et al., 2016). 
Achieving a suitable fatty acid deposition without negatively affecting pork quality is a big 
challenge in the swine industry. 
2.4.3 Digestibility and energy value of fat  
2.4.3.1 Digestion, absorption, and metabolism of lipids 
Fats are applied in pig diets primarily as an energy source. Most fats are highly 
digestible, although digestibility varies depending on different fat sources, inclusion levels, 
and animals at different ages. When supplemented in a suitable level meeting the 
requirement of pigs, general principles are: 1) the shorter the chain of FA constituting the 
fat, the better the digestion and absorption; 2) UFA has a higher digestibility than SFA; 3) 
adult pigs have higher digestibility of fats than young pigs as their gastrointestinal tract 
matures with age (Allee et al., 1971; Ramırez et al., 2001; Boyd, 2015; Kellner and Patience, 
2017; Lu et al., 2018b).  
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Regardless of fat types, ingested fat is mostly digested and absorbed in the small 
intestine via passive diffusion, and then transported through the body after absorption in 
the form of lipoproteins via the lymph system and blood system (Pettigrew et al., 1991; 
Ramırez et al., 2001; Gu and Li, 2003; Kloareg et al., 2007; Beld et al., 2015). As soon as 
dietary fat is consumed by pigs, the cephalic phase of digestion starts, nerve signals would 
be produced by the taste (via taste sensor on the tongue), mechanical movement of teeth 
and other related muscles (Zafra et al., 2006). These signals initiate the secretion of bile 
from the liver, lipase from stomach and pancreas. The TG in fats experience breakdown 
and re-synthesis before being deposited, and which pathway TG would experience depends 
on its characteristic as discussed above. As the fat passes from mouth to stomach, a small 
amount of gastric lipase is produced by the stomach, which can digest some triglyceride 
(TG) but very rare (Jensen et al., 1997). Gastric lipase is produced in gastric mucosa, the 
total lipase activity in stomach tissue is only about 3% of that found in the pancreas, 
although 25-50% of dietary lipid in newborn pigs could be hydrolyzed in the stomach to 
diacylglycerols, monoacylglycerols and free fatty acids (Gu and Li, 2003). The stomach 
phase of digestion regulation would increase bile and lipase secretion into the duodenum. 
The presence of fat in the small intestine further stimulates the release of the 
gastrointestinal hormone cholecystokinin (CCK), which stimulates the gallbladder to 
release bile into the small intestine. The main digestion of a TG molecule occurs in the 
small intestine, where pancreatic lipase is secreted from acinar cells of the pancreas (Gu 
and Li, 2003). The relatively large fat droplets meet bile as soon as they get to the 
duodenum, where they are emulsified by bile (because of their amphipathic feature) into 
much smaller micelles with TG in the middle. Lipase interacts with TG in the micelles, 
where most TG are broken down into individual fatty acids and monoglycerides (Ramırez 
et al., 2001).  
Micelles of TG carry the digested TG to the brush border of intestinal epithelium 
cells, where those digested TG get absorbed mainly via passive diffusion. Depending on 
the length of chain, the fatty acid has different fate after digestion as shown in Figure 2.13. 
Short chain fatty acids (C4 to C6) get absorbed by the intestinal epithelium cells 
without the assistance of bile and are then transferred to capillaries in the mucosal layer of 
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the intestine, and to the portal vein, finally transferred to the liver and other tissue for 
oxidation as an energy supply. 
Parts of medium chain fatty acids (C8 and C10) have a similar fate to those short 
chain fatty acids, all the medium chain fatty acids with carbon length less than ten get 
absorbed by intestinal epithelium cells without the assistance of bile. Unlike the short chain 
fatty acids, they are deposited in the tissue after chain elongation. The length of MCFAs 
ranges from 8 to 12 carbons atoms and these are only minor components of natural feeds 
for swine, as a result, are not considered as an important source (Gu and Li, 2003). 
The absorption of both long chain fatty acids (> C14) and some medium chain fatty 
acids (C12 and C14) need the assistance of bile. Most absorption is accomplished via 
passive diffusion, but there are some fatty acid transporters involved (Glatz et al., 2010). 
The free fatty acid and monoglyceride then get re-synthesized back to TG via either 
monoglyceride pathway or L-α- glycerophosphate pathway in the intestinal epithelium 
cells, where they are also incorporated together with protein to form chylomicrons and 
very-low-density lipid-protein (VLDL). Those lipid proteins are then excreted to the sub-
mucosal layer and diffuse into the lymphatic vessels. Through the lymphatic system, they 
are transferred to the blood system at one of the two subclavian veins and finally transferred 
to the liver or other tissues via the blood system (Senior, 1964). These fatty acids undergo 
lipolysis in the circulation, thereby delivering fatty acids to tissues. Chylomicron remnants 
and about half of the VLDL remnants are then taken up by the liver. The remainder of the 
VLDL remnants are further metabolized to cholesterol-rich LDL, which constitutes the 
main cholesterol carrying particles in humans. HDL is formed in the circulation from lipid-
poor apolipoproteins secreted by liver and intestine and from surface components sloughed 
during lipolysis of TG-rich lipoproteins. 
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Figure 2.13 A schematic presentation of the major steps in the absorption of triglyceride 
in non-ruminants  
Taken from Lloyd and McDonald (1933) 
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For the oxidation, glycerol is oxidized through the TCA cycle, while free fatty acids 
through β oxidation in the mitochondria of different tissue. The β oxidation of free fatty 
acids would need the assistance of carnitine, which transfer fatty acid CoA into 
mitochondria through carnitine palmitoyltransferase (CPT). UFA produces less ATP than 
SFA because of the bypass of the acyl-CoA dehydrogenase. The deposition and oxidation 
of fatty acid from TG could be affected and regulated by hormones such as insulin and 
leptin; transcription factors include DAGs, PPARs are the normal ones being investigated. 
The lipid-protein lipase is hormone sensitive, which makes the regulation possible. Besides, 
the synthesis of lipid from FA and oxidation of FA can also be counter-regulated by each 
other. For example, malonyl-CoA produced during fatty acid synthesis depress the activity 
of CPT for transferring fatty acids into the mitochondria for β oxidation. The deposited TG 
could be used to form fat tissue and as the material of the cell membrane, which would 
keep renewing itself.  
2.4.3.2 Genes related to absorption of lipids 
Deposition and mobilization of fat are regulated at several levels, including 
metabolites, enzymes, messenger ribonucleic acid (mRNA) expressions, and transcription 
factors (Jump et al., 2005). Fat oxidation and synthesis occurring in different tissues and 
cellular compartments are controlled through the change in the level and activity of the 
enzymes involved, which may be regulated at transcription, translational or post-translation 
level determined by the fatty acids entering cells (Jump et al., 2005; Duran-Montgé et al., 
2009). Changes in transcription, stability or activity of several transcription factors for 
related mRNA are the real pacemaker of the whole regulation system.  
There are more than 30 identified genes confirmed to contribute to common 
variations in the concentrations of the major lipoproteins, such as ATP binding cassette 
subfamily A (ABCAa), lipoprotein-a (LPA), lecithin-cholesterol acyltransferase (LCAT), 
pancreatic lipase (PNLIP), cholecystokinin receptor (CCKR), low density lipoprotein 
receptor (LDLR), leucine-responsive regulatory protein (LRP), fatty acid synthase (FASN), 
and acetyl CoA carboxylase (ACACA), adipose triglyceride lipase (ATGL), peroxisome 
proliferator activated receptor-alpha (PPAR-α), AMP-activated protein kinase gamma 1 
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noncatalytic subunit (PRKAG-1), and stearoyl CoA desaturase (SCD) (Lusis and 
Pajukanta, 2008). Despite a large number of newly identified loci, the SNPs that meet the 
genome-wide level of significance explain only 5-8% of the inter-individual variation in 
HDL cholesterol, LDL cholesterol and triglyceride concentrations, after accounting for sex, 
age and diabetes status (Lusis and Pajukanta, 2008). Transcription factors including FA 
oxidation related peroxisome proliferators-activated receptor (PPAR) family and FA 
synthesis related sterol regulatory element-binding protein-1 (SREBP-1) are the two 
central transcription factors for the regulation of the expression of several key enzymes 
involved in pathways controlling fat metabolism (Jump et al., 2005; Duran-Montgé et al., 
2009). 
2.4.3.3 Energy value of different fat sources 
The digestion, absorption, and metabolism of TG are affected by many factors, 
including the chain length of fatty acid, the saturation, and structure of the fat, inclusion 
level, and the maturity of pigs. As previously reported, digestibility of fat increased with 
age from weanling until the maturity of GI tract was finished. Digestibility of lard increased 
from 67% to 87% when pigs grew from 4.6 to 23 kg (Leibbrandt et al., 1975). Kellner and 
Patience (2017) also reported the average energy content of 14 fat sources for pigs at 
different body weight (BW), the average was 8.42 Mcal DE/kg, 8.26 Mcal ME/kg, and 
7.27 Mcal NE/kg at 13 kg BW, while 8.45 Mcal DE/kg, 8.28 Mcal ME/kg, and 7.29 Mcal 
NE/kg at 50 kg BW.  
UFAs are more soluble than SFA when exposed to bile salts. The incorporation of 
UFA into mixed micelles then increases, which further facilitates subsequent absorption 
(Stahly, 1984; Wiseman, 2013). When replacing dietary soy oil supplementation at 5% 
with 0, 33.3, 66.7, and 100 % saturated animal fat, the growth rate was unaffected, but feed 
intake and F/G ratio increased linearly with increasing substitution ratio of the animal fat 
during the weight range of 80 to 128 kg. This effect was explained by following 
digestibility study, which indicated that the saturated animal fat was not well digested 
(Averette Gatlin et al., 2002). Recently published data is in agreement with this result, 
increased UFA/SFA (U:S) resulted in increased fat DE content at 50 kg BW, but not at 13 
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kg BW due to the difference in bile secretion (Kellner et al., 2017; Kellner and Patience, 
2017).  
Free fatty acid content is another important feature of fat source; increased FFA 
negatively affects the energy value of fat. The negative effects of increased FFA are more 
pronounced in younger pigs than in older pigs (Kellner and Patience, 2017). Saturated FFA 
lowered DE more than unsaturated FFA (Powles et al., 1995; Rosero et al., 2015).  The 
underlying mechanism might be FFA could suppress bile salt secretion, resulting in a 
subsequent decrease of fatty acid incorporation into mixed micelles and, thus, absorption 
compared with esterified fatty acids (Wiseman et al., 1991). While, unsaturated FFA 
themselves are more efficiently digested than their saturated FFA counterparts due to their 
being less hydrophobic, making them less reliant on bile salts for emulsification and 
micelle incorporation (Liu et al., 2015). An equation using FFA and the ratio of U:S has 
been proposed to predict the digestible energy value of fats (equation 2.2, NRC, 2012).  
Equation 2.2: DE, kcal/kg = [36.898 – (0.005 × FFA, g/kg) – 7.330 × exp (-0.906 
× U:S)]/4.184 
The ME and NE content of fats are then often estimated from DE, with the 
assumption that ME is 98% of DE and NE is 88% of ME (van Milgen et al., 2001). The 
method has been criticized. In a recent study using a growth assay to determine the NE 
content of choice white grease, the determined NE content was 14% different with the 
estimate of NRC (2012) (Boyd, 2015).   
Based on the different absorption features of fatty acids, the fatty acid profile 
theoretically affect the accuracy of the estimation of the energy value of fats. Kellner and 
Patience (2017) compared the energy value of 14 different fat sources for pigs at either 13 
or 50 kg body weight, including animal–vegetable blend, canola oil, choice white grease 
source A, choice white grease source B, coconut oil (COCO), corn oil source A (CORA), 
corn oil source B, fish oil, flaxseed oil, palm oil, poultry fat, soybean oil source A, soybean 
oil source B, and tallow. At 13 kg BW, the variation of dietary fat DE content was explained 
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best by Equation 2.3. At 50 kg BW, the variation of dietary fat DE content was explained 
by Equation 2.4. 
Equation 2.3: DE (Mcal/kg) = 9.363 + [0.097 × (FFA, %)] − [0.016 × omega-
6:omega-3 fatty acid ratio] – [1.240  × (arachidic acid, %)] – [5.054 × 
(insoluble impurities, %)] + [0.014 × (palmitic acid, %)]  
(P = 0.008, R2 = 0.82) 
Equation 2.4: DE (Mcal/kg) = 8.357 + [0.189 × U:S] − [0.195 × (FFA, %)] − 
[6.768 × (behenic acid, %)] + [0.024 × (PUFA, %)] 
(P = 0.002, R2 = 0.81) 
2.4.4 Effect of different levels of fat addition on growth performance in grow-
finishing pigs  
The ability of fats to be combusted for energy is the most important reason for fat 
addition in commercial diets during pig production. Research on different levels of fat 
supplementation always involve both energy density and ratio of protein/lysine:energy (Gu 
and Li, 2003). Because of the differences in maturity of the GI tract and metabolic activities, 
pigs at different age or weight have a different response to fat supplementation and, as a 
result, have a different optimal ratio of protein/lysine:energy.  
Beneficial effects have been generally reported in grow-finishing pigs from 20 to 
100 kg, including improved growth rate, reduced feed intake, and improved F/G. However, 
the value of dietary fat supplementation in weanling pigs from 4 to 20 kg remains 
inconsistent (Leibbrandt et al., 1975; Coffey et al., 1982; Pettigrew et al., 1991; Gu and Li, 
2003; Liu et al., 2018). No difference in growth performance was reported when weanling 
pigs were fed diets with either 5% or no fat, while reduced weight gain was detected when 
fat supplementation increased from 5 to 10% (Leibbrandt et al., 1975). In another study in 
weanling pigs with fat supplementation at 0, 4, 8, and 12%, both ADFI and ADG decreased 
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linearly as dietary fat supplementation increased from 0 to 12% (Lawrence and Maxwell, 
1983). Piglets have limited ability to digest high oil diets, but grow-finishing pigs can 
digest diets with fat supplementation as high as 10% very well (Leibbrandt et al., 1975). 
Due to the higher digestibility and gross energy content of fats compared to the other feed 
ingredients, adding fat to the diets increases digestible and metabolizable energy density 
and, as a result, reduces feed intake and improves feed efficiency (Li and Patience, 2016). 
The response in growth performance to fat supplementation also varies depending 
on the balance of different nutrients. When protein:energy ratio was not fixed with 
increasing fat supplementation, fat supplementation had different effects in pigs depending 
on the dietary energy density, via the direct effect in limiting the total energy intake of pigs. 
The critical lower limits of energy density were suggested to be 3,760, 3,290, and 2,350 
kcal of DE/kg for pigs weighing less than 20 kg, between 20 to 50 kg, and greater than 50 
kg, respectively (Black, 1995). Both ADFI and F/G linearly decreased, while ADG linearly 
increased as dietary ME density increased without adjusting other nutrients including 
amino acids and minerals, when pigs were fed with five diets containing a graded level of 
ME ranging from 3.05 to 3.61 MJ/kg by modulating the inclusion rate of canola oil, wheat, 
and barley in grow-finishing pigs (Beaulieu et al., 2009). However, in their second study, 
when lysine was adjusted to maintain the same lysine content per unit of digestible energy, 
ADG was not affected, but ADFI and F/G were both reduced by increasing fat 
supplementation.  
When protein:energy ratio remains constant with the increasing fat 
supplementation, ADG was normally not affected by fat supplementation either from 
different sources or levels, while reduced ADFI and F/G were consistently reported 
(Pettigrew et al., 1991; Liu et al., 2018). When pigs were fed either soybean oil or choice 
white grease at levels of 3% or 6%, no differences were detected on overall ADG between 
fat added group and non-fat added group from 65 to 122 kg, while fat addition reduced 
overall ADFI and F/G (Liu et al., 2018). When pigs were fed diets with 6% fat from 
soybean oil, choice white grease, palm oil, animal-vegetable blend, or tallow, a similar 
response in overall ADG from 72 to 130 kg was observed, while differences in the effects 
of fat sources on ADFI were reported (Liu et al., 2018). When dietary fat supplementation 
increased from 0 to 2.5, and 5 % from animal-vegetable blend fat and tallow, both overall 
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ADFI and overall F/G were linearly reduced by increasing fat supplementation, while ADG 
was not affected (Averette Gatlin et al., 2002). In summary, fat supplementation with a 
good balance with other nutrients especially amino acids does not affect ADG, but does 
reduce ADFI and F/G. The difference in fat sources exists because of their different fatty 
acid profile, which makes them variable with regard to providing energy.  
2.4.5 Effect of different levels of fat addition on the metabolism of fat in grow-
finishing pigs  
Increased fat deposition in terms of backfat thickness is consistently reported with 
fat supplementation (Coffey et al., 1982; Pettigrew et al., 1991; Averette Gatlin et al., 2002; 
Benz et al., 2011b; Kellner et al., 2015). The deposited fat in pigs originates from both 
dietary FA and de novo synthesized FA (Jump et al., 2005; Kloareg et al., 2007). The de 
novo lipogenesis primarily occurs in the adipose tissue in swine, it is different with humans 
and rodents, where lipogenesis either primarily or exclusively occurs in the liver (O'Hea 
and Leveille, 1969). Increasing dietary fat supplementation suppressed fatty acid synthase 
function, and reduced the rate of de novo lipogenesis in adipose tissue (Kellner et al., 2014; 
Kellner et al., 2017). Large amounts of dietary fatty acids (especially non-essential FA) are 
deposited without modifications of either chain length or degree of saturation in pigs, 
through which de novo lipogenesis is suppressed (Ellis and Isbell, 1926; Allee et al., 1971; 
Kellner et al., 2014; Beld et al., 2015; Kellner et al., 2017).  
Although fat deposition increases with increasing dietary fat supplementation, 
dietary fatty acids inhibit lipogenesis in the adipose tissue. The increasing level of dietary 
fat (corn oil) from 1 to 13% significantly depressed (60 to 70% ) in vitro lipogenesis, 
although body fat content was increased due to the increasing direct deposition of dietary 
fat (Allee et al., 1971). When pigs were fed with diets of  either 5% fat or starch, the fat 
supplementation decreased the mRNA abundance of FASN in adipose tissue, and mRNA 
abundance of ACACA, ATGL, PPAR-α, PRKAG-1, and SCD in the liver compared to the 
control group with 5% starch (Kellner et al., 2017).  
Furthermore, the mRNA expression can also be affected by dietary fatty acid profile. 
Dietary SFA and omega-6 FA (such as linoleic acid) are the most reported factors 
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displaying inhibitive effects on lipogenesis in adipose tissue. This effect is supported by 
the results that mRNA abundance of FASN and the transcription factor SRENP-1, which 
regulates the expression of key enzymes involved in the lipogenesis pathway, were reduced 
when dietary fat sources were high in SFA and omega-6 FA (Kellner et al., 2017). Pigs fed 
diets with 5% corn oil tended to have greater adipose tissue expression of FASN than pigs 
fed with 5% fish oil, tallow or coconut oil (Kellner et al., 2017). When pigs were fed diets 
with no added fat or 11% fat (tallow, sunflower oil, linseed oil, blend oil, and fish oil), the 
mRNA abundances were highest in pigs fed diets with no added fat, while lowest in pigs 
fed diets with 11% tallow (Duran-Montgé et al., 2009). The result indicates a reduced 
lipogenesis in pigs fed 11% tallow diet. In most recent studies, the addition of 5% dietary 
fat in the form of coconut oil, corn oil, fish oil, and tallow all reduced FASN abundance 
compared to pigs fed a control diet without fat addition (Kellner et al., 2017). And when 
pigs were fed 3% corn oil (56.84% omega-6 FA) compared to the pigs fed 3% tallow (2.81% 
omega-6 FA), greater abundance of FASN was observed (Kellner et al., 2016; Kellner et 
al., 2017).  
High dietary fat supplementation suppresses lipogenesis in adipose tissue and 
affects lipid metabolism activity in liver of pigs, while intake of omega-3 fatty acids 
suppressed the mRNA abundance of genes involved in lipolysis in both adipose tissue and 
the liver (Allee et al., 1971; Kellner et al., 2017). Dietary SFA had a more potent inhibitive 
effect in de novo lipogenesis than omega-6 fatty acids. Correlation coefficients, established 
between dietary fatty acid composition and mRNA abundance of genes affected by dietary 
fat treatments in adipose and liver, indicated that dietary SFA (-0.898) and MUFA:SFA 
ratio (0.885) were more sensitive to PPAR-α than MUFA (0.828) or omega-6 FA (not 
significant) (Kellner et al., 2017). According to the research of Kloareg et al. (2007), de 
novo synthesized fatty acids are mostly SFA (such as palmitic and stearic acid) or MUFA 
(such as palmitoleic or oleic acid), while amount de novo synthesized long-chain FA is 
very small. When pigs consume diets with a high content of SFA, the deposition of these 
SFA may need less metabolic processing compared to the case when pigs consume and 
deposit more omega-6 FA, such as linoleic acid (Kellner et al., 2017). 
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2.4.6 Effect of different fat sources on pork quality 
Although many factors including genotype, sex, age, slaughter weight, and 
environmental conditions all affect content and quality of fat in pigs, nutritional strategies 
of altering dietary FA is the main method in achieving desired fat quality in pork. As a 
primary energy source, supplemental fat is one of the most important factors that determine 
the fat quality of pork (Wang et al., 2012; Lauridsen et al., 2013; Song et al., 2014). Ellis 
and Hankins (1925) firstly reported the relationship between dietary fatty acid composition 
and pork carcass firmness, which is now widely accepted that pork carcass fat is closely 
related to dietary fatty acid profile (Kellner et al., 2014; Kellner et al., 2017). There are 
several factors of dietary fat supplementation affecting pork quality, such as fatty acid 
profiles of the fat sources, total dietary fat content, and duration of supplementation (Wood 
et al., 2004; Wood et al., 2008; Apple et al., 2009a; Kellner et al., 2015; Kellner et al., 
2016). Each supplemental fat source has a unique fatty acid profile (e.g., carbon chain 
length, the degree of unsaturation, and the position of the double bonds) and, thus, affects 
pork quality differently. 
2.4.6.1 Effect of different fat sources on the fatty acid profile of pork 
The fatty acid composition of pig adipose tissue reflects that of the diet because 
part of the dietary fat is directly incorporated into the lipid tissues in pigs (Averette Gatlin 
et al., 2002; Corino et al., 2002; Rentfrow et al., 2003; King et al., 2004). When diets were 
formulated with equal ME, crude protein and lysine level, no effects of dietary fat 
composition were detected on final fat or loin depth, lean percentage, drip loss, dressing 
percentage, pH, loin color (except a* reading), or pork color of both belly and loin muscle 
(Averette Gatlin et al., 2002; Corino et al., 2002). However, as the level of linoleic acid 
decreased from 4.11 to 1.56 % through the addition of tallow, there was a linear decrease 
in linoleic acid content and iodine value of carcass fat, conversely 16:1 and 18:1 increased 
linearly (Averette Gatlin et al., 2002).  
As the most common fatty acid in grains and oilseeds, the linoleic acid (C18:2n-6) 
content, which is relatively low in animal fat, is one of the most reported changes with 
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different dietary fat sources. The proportion of linoleic acid  in subcutaneous adipose tissue 
and backfat increased from as low as 10% on a diet with 5% olive oil to over 30% on diets 
supplemented with 5% soy oil, which contains around 53% linoleic acid (Ellis and Hankins, 
1925; Ellis and Isbell, 1926; Averette Gatlin et al., 2002; Nuernberg et al., 2005; Apple et 
al., 2009a, b). The extent of the change in linoleic acid content in muscle and lipid tissues 
was always the greatest among all the fatty acids when unsaturated vegetable oil (such as 
safflower oil, soybean oil, corn oil) were compared to animal fat (such as tallow and choice 
white grease) as fat sources for pigs (Mitchaothai et al., 2007; Corino et al., 2008; Apple 
et al., 2009a, b, c; Browne et al., 2013a).   
Oleic acid (C18:1) is the most abundant fatty acid in adipose tissues of pigs, it 
changes in a relatively smaller range along with different dietary fat sources, compared to 
linoleic acid, although there is also a big difference in oleic acid content among different 
fat sources. For example, choice white grease has around 40% oleic acid, while coconut 
oil only has around 6% (Kellner and Patience, 2017). When pigs were fed with diets 
containing various fat sources such as corn oil, soybean oil, tallow, poultry fat, sunflower 
oil, linseed oil, and olive oil, the content of oleic acid in adipose tissues varied from as low 
as 32% on a no-fat-added diet to as high as 45% when pigs were fed 5% choice white 
grease (Nuernberg et al., 2005; Benz et al., 2011a, b; Browne et al., 2013a; Kellner et al., 
2014, 2015; Kellner et al., 2016). 
The third abundant fatty acid in adipose tissues of pigs is palmitic acid (C16:0), 
which changes to a much smaller extent than oleic acid and linoleic acid, but changes 
consistently when dietary fat is switched, depending on the difference among the fat 
sources. Flaxseed oil and sunflower oil have relatively lower content of palmitic acid 
around 5%, while beef tallow and poultry fat have as high as 25% (NRC, 2012). The 
variation in the content of the diets in palmitic acid is much smaller than that of linoleic 
acid and oleic acid. Different from oleic acid and linoleic acid, increasing dietary fat 
content reduced palmitic acid content in adipose tissues, although the change in tissue 
palmitic acid content is also positively related with dietary palmitic acid concentration 
(Rentfrow et al., 2003; Apple et al., 2009a, b, c). A significant change in tissue palmitic 
acid content was also reported when dietary palmitic acid content differed by 
supplementation of beef tallow or sunflower oil. There were 23% and 21% palmitic acid 
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in the subcutaneous fat, and 22% and 19% in the backfat when pigs were fed with beef 
tallow or sunflower oil, respectively (Mitchaothai et al., 2007). A significant difference in 
adipose tissues palmitic acid was detected even when only around 2% difference in 
palmitic acid content was presented, when supplementation of animal fats (5%) including 
beef tallow and poultry fat were compared to soybean oil (5%) and no fat-added diets 
(Apple et al., 2009a, b, c), and when 5% linseed oil supplementation was compared to 5% 
olive oil supplementation (Nuernberg et al., 2005), and when supplementation of 5% 
choice white grease were compared to 5% soybean oil (Benz et al., 2011a). A significant 
difference in palmitic acid content was also detected, even there was only less than 1% 
difference in the fatty acid composition data when supplementation of 4.7 % yellow grease 
was compared to 5% tallow supplementation (Browne et al., 2013a). However, due to little 
difference between different animal fats, some research failed to detect any significant 
difference in adipose tissue palmitic acid content when beef tallow was compared to 
poultry fat (Apple et al., 2009a, b, c). 
Another fatty acid comprising more than 10% in adipose tissues is stearic acid 
(C18:0), it also changes with variations in dietary fatty acid profile, but to a much smaller 
extent than linoleic acid and oleic acid and a relatively larger extent than palmitic acid. 
Most vegetable oils have stearic content less than 5%, while animal fats have more than 
10%; with beef tallow around 19% (NRC, 2012). Similarly, when animal fats were 
compared to vegetable oils, significant differences were reported, with lower stearic acid 
content in adipose tissue of pigs in vegetable oil groups (Apple et al., 2009a). However, 
other research reported no significant difference in stearic acid when different animal fats 
or vegetable fats were compared as fat sources for pigs (Nuernberg et al., 2005; Corino et 
al., 2008; Browne et al., 2013a). Replacing 5% sunflower oil with 5% beef tallow increased 
stearic acid from 11% to 13% in adipose tissues (Mitchaothai et al., 2007). Pigs fed diets 
with 5% beef tallow had higher stearic acid content in adipose tissues compared to pigs fed 
diets with 5% poultry fat, which had a higher content of stearic acid than pigs fed diets 
with 5% soybean oil (Apple et al., 2009a, b). No difference in adipose tissue stearic acid 
content was detected when yellow grease supplementation (5%) was compared to beef 
tallow (5%), due to the lack of dietary difference in this fatty acid (Browne et al., 2013a). 
Corino et al. (2008) reported a similar result when dietary supplementation of 2.5% 
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sunflower oil was compared to 5% extruded linseed. The difference in tissue deposition of 
stearic acid is thus also due to the extent of the variation among different fat sources.  
Other fatty acids and iodine value display similar trends. Apple et al. (2009a) 
reported that the loin of pigs fed diets containing 5% soybean oil had greater PUFA 
percentages and iodine values (IV) than those fed no additional fat or fed diets containing 
5% beef tallow and poultry fat. Rentfrow et al. (2003) also reported that corn types with 
various oil content and FA profiles influence pork FA profile and belly firmness. These 
research reports demonstrate the well-known fact that high levels of USFA results in a high 
degree of unsaturation in the pork and thereby produces soft-pork.  
Fatty acid profile in loin muscle was less affected by dietary fatty acids than back 
fat, though still affected by dietary treatments. A linear regression between MUFA/PUFA 
intake and the MUFA/PUFA content of both intramuscular and back fat has been generally 
reported for pigs (Van Deckel et al., 1996; Apple et al., 2009a; Apple et al., 2009c). When 
fed with either no-oil added diets or three other different fats, pigs fed with poultry fat and 
soybean oil had lower saturated fatty acid (SFA) content in loin muscle, compared to those 
fed diets with no-oil added or beef tallow. Pigs fed with the most unsaturated fat (soybean 
oil) had the highest content of MUFA and PUFA in loin muscle (Apple et al., 2009c). The 
total proportions of MUFA in the loin muscle from soybean oil (SBO)-fed pigs were 7.0, 
5.5, and 4.3 % less than those fed the control (Ctrl), beef tallow (BT), and poultry fat (PF) 
diets, respectively (Apple et al., 2009c). While in the backfat, total proportions of MUFA 
from SBO-fed pigs were 13.9, 22.0, and 19.4 % less than those fed the Ctrl, BT, and PF 
diets, respectively (Apple et al., 2009a). For PUFA concentration, SBO fed pigs had 35.4, 
33.0, and 21.5 % higher PUFA in loin muscle (Apple et al., 2009c), while 42.0, 48.8, and 
36.1 % higher PUFA in backfat (Apple et al., 2009a) compared to those fed the Ctrl, BT, 
and PF diets, respectively. This difference in the extent of the change in different tissues 
after dietary treatments might be due to a lower deposition of absorbed fat in muscle tissue 
or to the greater proportion of membrane lipids in intramuscular fat which contain high 
quantities of PUFAs for structural reasons, that are relatively insensitive to dietary 
variations (Corino et al., 2002).  
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The dietary fatty acid differences may affect the content of all fatty acids in animal 
tissues with carbon length between 14 to 22 carbon atoms, depending on the extent of 
variation in fatty acid profile among different dietary fat sources. In research where pigs 
were fed with either 5% beef tallow or 4.68% yellow grease from 26-124 kg, fatty acids 
including C14:0, C15:0, C16:0, C17:0, C20:0, C14:1, C16:1, C17:1, C18:1, C18:2(n6), 
CLA, C18:3 (n3), C20:2, C20:3 (n3 and n6), and C20:4, in both backfat and belly fat were 
affected with the similar trend of the changes among dietary treatments (Browne et al., 
2013a; Browne et al., 2013b). The unaffected FAs in this research were due to the lack of 
difference in the diets on these unique fatty acids, while the big dietary difference in C18:0 
was not expressed in either backfat or belly fat. However, all these unaffected fatty acids 
were reported to be affected by dietary treatments of either 5% linseed oil or 5% olive oil, 
which displayed bigger differences in those fatty acids (Nuernberg et al., 2005). Medium 
chain fatty acids including C10:0 and C 12:0 were not affected by oil treatments due to the 
relatively low concentration in both fat sources and animal tissues, which is normally less 
than 0.5% (Apple et al., 2008; Apple et al., 2009b, a; Apple et al., 2009c; Browne et al., 
2013a; Browne et al., 2013b).   
2.4.6.2 Effect of different fat sources on the firmness and IV of pork 
It is through the fatty acid profile that dietary fat treatments affect the firmness of 
pork since different fatty acids have different melting points in meat and oxidative activity 
(Wood et al., 2004; Benz et al., 2011a, b). Firstly, the saturation of the fatty acid affects the 
firmness of pork. For example, in the 18C fatty acid series, stearic acid (18:0) melts at 69.6 
oC, oleic acid (18:1) at 13.4 oC, 18:2 at 5 oC and 18:3 at 11 oC. As a result, when the UFAs 
content in pork increases, melting point declines, the pork gets softer. Secondly, variation 
in the structure of the molecule also affects the melting point of fatty acids. For example, 
trans- fatty acids have a higher melting temperature than their cis-isomers and branched 
chain fatty acids melt at a lower temperature than the straight chain when fatty acids have 
the same number of carbon atoms (CASON, 1948). This same principle can be observed 
in pork and is proven by much research (Averette Gatlin et al., 2002; Rentfrow et al., 2003; 
LaTour and Schinckel, 2007; Corino et al., 2008; Apple et al., 2009a; Apple et al., 2009c; 
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Cromwell et al., 2011; McClelland et al., 2012; Browne et al., 2013b). The firmness of 
pork can be reduced due to the increasing content in PUFA and MUFA caused by dietary 
treatment. As early as 1925, Ellis and Hankins reported the possible correlated relationship 
between dietary fatty acid profile and pork firmness, where pigs feed more unsaturated fat 
displayed softer belly compared to those fed with corn and non-fat supplemented diets. IV 
and firmness evaluation are both used to define the firmness of pork (Kellner et al., 2015; 
Kellner et al., 2016).  
Averette Gatlin et al. (2002) replaced unsaturated soy oil with saturated animal fat 
in grow-finishing pigs. As the PUFA content of the diet was reduced, firmness as predicted 
by IV and linoleic content increased. Similar results were reported when corn oil and white 
grease was used in grow-finishing pigs against conventional corn-soybean meal diets; pigs 
fed high corn oil, and white grease produced softer belly. When LaTour and Schinckel 
(2007) evaluated effects of dietary inclusion of high-oil DDGS at 10, 20, 30, and 40 % on 
belly firmness, a similar result was reported that belly firmness decreased with the 
increasing DDGS inclusion. Cromwell et al. (2011) further reported the linear effect of 
increasing DDGS inclusion from 0 to 15, 30, and 45% in reducing the belly firmness in 
pigs regarding both belly flex and IV, and IV increased 4.3 units for every 10 % unit 
inclusion of DDGS in the diet. Apple et al. (2009a); (Apple et al., 2009b; Apple et al., 
2009c) applied 5% of BT, PF, and SBO against a control diet devoid of added fat, the IV 
of loin muscle, subcutaneous fat, and whole carcass were reported to be reflective to that 
of the dietary fat treatment. Fat supplementation with 5% soybean oil reduced the fat 
firmness to a greater extent than 5% white grease (Benz et al., 2011a, b), and the reduction 
kept building with the extended feeding period.   
Based on the close correlation between dietary fatty acids and pork IV, a regression 
equation could be used to predict the carcass IV from dietary IV or dietary fatty acids. For 
the establishment of a regression equation, another concept of IVP was used, which refers 
to the product of dietary ingredient IV and fat content in the ingredient multiplied by a 
scaling factor of 0.1, as shown in the equation 2.5 (NRC, 2012; Kellner et al., 2016): 
Equation 2.5: IVP = (IV of ingredient fat) × (% fat in the ingredient) × (0.1) 
56 
Another prediction equation is proposed by Boyd et al. (1997) with an R2 of 0.99, 
based on work of Madsen et al. (1992). The equation is shown in equation 2.6: 
Equation 2.6: Carcass IV = 52.4 + 0.32 × dietary IVP; (R2 = 0.99). 
However, in another study with a total of 1213 pigs, where two fat sources (corn 
oil and white grease) and three inclusion levels (2, 4, and 6%) were applied, dietary linoleic 
acid (C18:2) concentration (equation 2.7) and daily intake (equation 2.8) displayed stronger 
linear relationships than IVP, with R2 of 0.95 vs. 0.94 vs. 0.85 respectively (Kellner et al., 
2016).  
Equation 2.7: Carcass IV = 49.94 + 7.000 × % dietary C18:2; (R2 = 0.95). 
Equation 2.8: Carcass IV = 46.74 + 0.310× dietary C18:2 intake (g/d); (R2 = 0.94). 
The difference in R2 might be due to the effect of different fat sources, where single 
UFAs may have different efficiency in deposition. For example, C18:2 has better efficiency 
than C18:1, and more C18:2 is deposited in tissue than C18:3, even when a high content 
of C18:3 is presented in the diet via the supplementation of 2.5% sunflower oil (Corino et 
al., 2008).  
2.4.6.3 Effect of different fat sources on oxidative stability of pork 
Similar to the unsaturated fat in the fat sources, the unsaturated fats deposited in 
the tissues also influence the storage stability of pork through the oxidative breakdown. 
The oxidation produces secondary and tertiary peroxidation products including aldehydes, 
ketones, alcohols, hydrocarbons, volatile organic acids, and epoxy compounds. As a result, 
the development of peroxides and rancidity are iniated in pork. The oxidative stability of 
grilled chops and sausages from pigs fed diets with 2% rapeseed oil or 1% fish oil diet were 
lower than those from control pigs fed diets with 3% tallow-soybean oil mixture (Leskanich 
et al., 1997). When Corino et al. (2002) supplied 3% fat supplementation from tallow, corn 
oil, and rapeseed oil in pigs from 25 to 160 kg, the oxidative stability of longissimus 
lumborum (LL) was lower in pigs fed corn oil compared to those fed tallow diet due to the 
57 
increased content of UFAs in pork (Corino et al., 2002). The TBARS concentration was 
significantly higher in muscle homogenates from pigs fed linseed oil (5%) compared to 
those from pigs fed olive oil (5%), indicating the lower oxidative stability of pork fed diets 
high in UFAs (Nuernberg et al., 2005).  
The difference in oxidation exists between dietary fat sources and fat in the pork. 
Some dietary differences might not be able to be fully expressed in the pork. When linseed 
oil was applied at a level less than 5% (around 2.5% linseed oil) in grow-finishing pigs, 
oxidative stability of loin muscle was not affected compared to pigs fed sunflower oil, 
although a large difference existed in C18:2n-6 (51.34 vs. 39.61%) and C18:3n-3 (2.58 vs. 
19.96%) content in the dietary fatty acid composition (Corino et al., 2008).  
2.4.6.4 Deposition, depletion of tissue fatty acids profile derived from diets 
Tissue fatty acid profiles of pigs change along with increasing body weight, and 
can be affected by dietary fatty acid profile. Depending on the levels of fat supplementation, 
duration of supplementation, and the difference in fatty acid profile among different diets, 
resultant fatty acid profile in tissue varies. As shown in Figure 2.14, when pigs were fed 
diets varying in linoleic acid content from 4.11 to 1.56% for 4, 6, or 8 weeks before 
slaughter by substituting soybean oil (5% in diet) with 33, 67, or 100% hydrogenated 
animal fat, the variation in backfat linoleic acid content between different groups increased 
with the increasing time of supplementation from 4 to 8 weeks (Averette Gatlin et al., 2002). 
Although FA profile changed with age, the variation was overtaken by variations derived 
from the dietary difference in this case. The maximum rate of decline occurred in the pigs 
fed 5% hydrogenated animal fat,  C18:2 decreased 2%  per week, and iodine value 
decreased 2.5 units per week (Averette Gatlin et al., 2002). When pigs were fed with 5% 
fat-added diets from either choice white grease or soybean oil for 26, 54, 68 and 82 days, 
the fatty acid profile of jowl fat from pigs fed fat-added diets displayed a quadratic change 
with increasing time of feeding time from 26 to 82 days compared to the control diet with 
no-fat addition. The concentration of all fatty acids and IV in the jowl fat showed strong 
quadratic change from pigs fed with both soybean oil and choice white grease, plateauing 
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at around 68 days for the soybean oil group, and plateauing at around 54 days for the choice 
white grease group (Benz et al., 2011a).  
A similar quadratic response of fatty acid profile was reported when pigs were fed 
with either yellow grease (4.7%) or beef tallow (5%) from 37 to 103 days and 47 to 103 
days, respectively (Browne et al., 2013a). These researchers indicated that fatty acid profile 
changed with dietary treatment at a certain speed, which was closely affected by the extent 
of the variation of the fatty acids among diets. The bigger the difference between dietary 
treatments, the longer it takes for the pigs to adjust their tissue fatty acid profile according 
to the dietary fatty acid profile. 
Figure 2.14 Changes in the linoleic acid content of backfat from pigs fed diets varying in 
fatty acid profile along with different time of supplementation 
Taken from Averette Gatlin et al. (2002). Data are least square means (n = 24/treatment). Error 
bars represent ± SEM. Bars lacking a common letter differ (P < 0.05). Linoleic acid means at 0 
and -3 weeks (n = 96) are not compared statistically because those means include all animals 
before allocation of treatments. Linear diet effect (P < 0.05). Linear time effect (P < 0.05).  
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The composition of deposited fat can be altered by the dietary difference in fatty 
acid profiles, especially PUFA, in a relatively short time. However, the rate of elimination 
of fatty acid profiles caused by high PUFA diets is comparatively much slower (Averette 
Gatlin et al., 2002; Kellner et al., 2014, 2015). As demonstrated in Figure 2.15, the content 
of C18:2n-6 was not significantly reduced after withdrawal of high PUFA diets for 40 days, 
and significantly reduced after 61 days, while still not as low as pigs fed with low PUFA 
content (Kellner et al., 2015). In this study, dietary fat was withdrawn at 19, 40, 61 days 
before slaughter for pigs fed diets with different PUFA load. The fatty acid profile of the 
deposited fat in the jowl of pigs after the fat withdrawal was altered to be more and more 
reflective of synthesized de novo lipogenesis, resulting in a more and more saturated depot 
fat. And, decreases in carcass IV value were also observed with the lengthening period of 
withdrawal of unsaturated dietary fat before harvest from 19 to 62 days, especially in pigs 
fed diets with high PUFA content (Kellner et al., 2015). This result demonstrated the 
incomplete elimination of dietary-derived PUFA in carcass after the withdrawl of high 
PUFA diets for at least 61 days before harvest. Additionally, the decrease in IV value was 
not translated into any improvement in firmness, weight, depth, or fat color of the belly. 
When pigs were fed with either beef tallow or yellow grease, quadratic slopes for C18:2n-
6 and C18:3n-3 in jowl fat differed between beef tallow and yellow grease durations 
(Browne et al., 2013a). The percentage of C18:2n-6 and C18:3n-3 increased at a greater 
rate with increasing time fed yellow grease than the rate of the decreases in C18:2n-6 and 
C18:3n-3 associated with increasing time fed beef tallow (Browne et al., 2013a). 
This phenomenon could explain the failure of different trials seeking to solve the 
soft belly problem caused by over-use of DDGS through supplementing saturated fat such 
as tallow and palm kernel oil (Lee et al., 2013). Lee et al. (2013) supplied 15% corn germ, 
3% beef tallow, 3% palm kernel oil, and 5% glycerol to the 30% DDGS-containing diets 
in grow-finishing pigs for 88 days, but no difference in IV and belly firmness were detected, 
nor were there any differences in fatty acid profile in backfat and belly fat among different 
fat treatments.  
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2.4.7 Effect of different fat sources on phospholipids 
The phospholipids in the structural components of cellular and organelle members 
is another important lipid pool in animals. These phospholipids are not intended for energy 
usage but for structural and various biological purpose in the animal, such as being secreted 
with the bile acids as an emulsifier (lecithin) for digestion, and constituting the lipid bilayer 
around the cell (Meyer, 2003). The typical phospholipid consists of a glycerol backbone, 
two fatty acids and a phosphate. The phosphate group is normally located at the sn-3 
position of the glycerol. The two fatty acids include one SFA and one UFA with the SFA 
located at the sn-1 position while the UFA located at the sn-2 position. The phospholipids 
play an important role in different cellular signaling mechanisms (Bruckner, 2000). 
Figure 2.15 Changes in linoleic acid of the subcutaneous fat from pigs fed diets varying in 
fatty acid profile along with different time of withdrawal  
Data from Kellner et al. (2015). Error bars represent ± SEM. Bars lacking a common letter differ 
(P < 0.05).  
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The fatty acid profile of the phospholipids in member components is also affected 
by the dietary fatty acid profile. The major proportion of the lipid presented in muscle is 
phospholipid (Wood et al., 2008). As discussed in Section 2.6, although less affected by 
dietary fatty acids than back fat where 90% lipid is triacylglycerol or neutral lipid, it is still 
affected by dietary treatments.  
2.4.8 Other functionality of different fat sources  
2.4.8.1 Essential fatty acids and beneficial fatty acids 
Swine cannot synthesize the fundamental PUFAs including alpha-linolenic acid (an 
omega-3 fatty acid) and linoleic acid (an omega-6 fatty acid) with the first double bond on 
C3 and C6 from the methyl-end because of the absence of appropriate enzymes. Some 
other fatty acids become essential under some developmental or disease conditions; 
examples include docosahexaenoic acid (an omega-3 fatty acid, DHA, C22:6 n-3) and 
gamma-linolenic acid (an omega-6 fatty acid, GLA, C18:3 n-6), which make them 
“conditionally essential fatty acids.” These essential fatty acids (EFAs) have to be obtained 
from a diet, particularly by the consumption of fish and fish oils (Orsavova et al., 2015).  
Fundamental PUFAs including α-linolenic (ALA, C18:3 n-3) and linoleic acid (LA, 
C18:2 n-6) could be used to synthesize other important PUFAs including those 
conditionally essential fatty acids, such as docosahexaenoic acid and eicosapentaenoic acid 
(EPA, 20:5 n-3). Satisfactory transformation of ALA to DHA depends on the activity of 
responsible ∆5 and ∆6 desaturases, conversion of dietary ALA into EPA, is limited because 
of the competition for common desaturation and elongation enzymes of ALA and LA 
(Narayan et al., 2006).  
Deficiency in essential fatty acid in pigs leads to growth depression, weight loss 
and other physiological symptoms (Sewell and McDowell, 1966). As summarized by 
Meyer (2003), research using pigs and rats showed the essential fatty acid deficiency 
symptoms of: 1) Scaly dermatitis, hair loss; necrosis of the tail; brown gummy exudate 
formation from skin; increased keratinization and thickening of skin epithelial layer; 2) 
Increased circulation of vitamin A; decreased total fat concentrations of vitamin A; 3) 
62 
Testicular weights reduced by 50%; ovary weights reduced; 4) Smaller gall bladder, lack 
of stored bile; underdeveloped digestive system; 5) Slight hemorrhage and necrosis in the 
kidney; enlarged thyroid glands; and 6) even death under severe conditions (Burr and Burr, 
1929; Witz and Beeson, 1951).  
2.4.8.2 The ratio of n-3/n-6 
More recently, nutritionists have focused on the type of PUFA, and the balance in 
the diet between n-3 PUFA formed from a-linolenic acid (18:3) and n-6 PUFA formed 
from linoleic acid (18:2), in pursuit of optimum ratio of n-6:n-3 PUFA in pork product 
(Wood et al., 2004; Beaulieu, 2011; Eastwood, 2012, 2014). The ratio of n-6 and n-3 fatty 
acids has been reported to have an impact on the health of both people and pigs. Nursery 
pigs consuming a diet containing a low n-6/n-3 ratio had increased ADFI and protein 
deposition (Meyer, 2003; Eastwood, 2014). Increasing dietary n-6/n-3 ratio from 0.70 to 
18.15 resulted in a linear increase in the plasma n-6/n-3 (Meyer, 2003), and increased 
circulating concentrations of n-3 PUFA (including ALA and EPA) in sows and their 
offspring (Eastwood, 2012, 2014). There was a reduction in inflammatory response to the 
decreasing dietary n-6/n-3 ratio, indicated by decreasing serum TNF-α concentration after 
an immune challenge (Meyer, 2003; Beaulieu, 2011) 
Similar results were reported in grow-finish pigs, where pigs fed a diet 
supplemented with n-3 fatty acids had fewer white blood cells and tended to show both a 
reduced proportion of lymphocytes and IgG concentration compared with pigs fed a diet 
without any n-3 fatty acid supplements, and reduced serum concentrations of cortisol and 
tumor necrosis factor α (TNF-α) (Upadhaya et al., 2015b). 
2.4.8.3 Conjugated linoleic acids 
Conjugated linoleic acids (CLAs) are a mixture of positional and geometric isomers 
of linoleic acid (cis-9, cis-12-octadecadienoic acid). Dietary CLA has numerous beneficial 
effects including anti-carcinogenic, anti-obesity, anti-atherogenic and immunomodulatory 
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functions (Azain, 2003; Pompeu et al., 2013). Although deposition of CLAs are similar to 
the other fatty acids, which increased linearly with increasing dietary level at a certain level, 
CLAs have very different role in pork from other fatty acids, due to the inhibitory effect of 
CLA isomers on desaturase activity (Dugan et al., 2004; Martin et al., 2008). 
Early work in rodent models where rats were fed diets containing 0.5–1% CLA 
indicated that feeding CLA could potentially reduce body fat, increase lean content, 
increase growth rate, and improve feed conversion efficiency (Park et al., 1997). Evidence 
indicating that CLA improves growth rate or feed conversion was very limited (Dugan et 
al., 2004), although improved ADG was reported due to supplementation of 0.6% CLA 
during a 27-d experimental period starting from 100 kg (Pompeu et al., 2013). Furthermore, 
studies in hamsters, rats, and rabbits suggest that CLA may also have lipid- and 
atherosclerosis-reducing properties (Terpstra, 2004). Inclusion of CLA into pig diets has 
been shown to increase gain:feed ratio linearly, muscle marbling fat and fat hardness with 
the increasing CLA level to 1.0%, and both of these characteristics have the potential to 
increase carcass value (Ramsay et al., 2001; Thiel-Cooper et al., 2001; Tischendorf et al., 
2002). In pigs fed with three levels of CLA (0%, 1%, and 2%) combining with two levels 
of MUFA (low: 19% and high: 39%), the interaction between CLA and MUFA affected 
the SFA and PUFA contents in loin muscle, CLA supplementation decreased the induced 
peroxidation values in liver (Martin et al., 2008). 
2.4.8.4 Medium-chain fatty acids 
Besides the role of medium-chain saturated fatty acids (MCFAs) in affecting 
circulating lipids and lipoproteins, MCFAs including caproic (C6:0), caprylic (C8:0), and 
capric (C10:0) have also been researched extensively in swine to inhibit the development 
of undesired germs and bacteria in animal feed and the GI tract. Increased concentrations 
of dietary MCFAs fed as whole Cuphea seeds together with lipase had antibacterial effects 
in the small intestine of piglets (Dierick et al., 2003; Nguyen et al., 2016), while also 
enhancing selective beneficial bacterials in the upper digestive tract and leading to a 
changes in the spectrum of the intestinal microbiota (Zentek et al., 2012). The mean 
minimum inhibitory concentration (MIC) of synthetic MCFAs for E.coli were 0.70, 0.85, 
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and 1.00% for C6:0, C8:0, and C10:0, respectively, synergistic effects were observed when 
a blend of MCFAs (caproic, caprylic, and capric, 1:1:1) were used (Swanson et al., 2018). 
Similar inhibitory effects of these MCFAs were also detected on enterotoxigenic E. coli, 
or Campylobacter coli (Swanson et al., 2018). Because of these beneficial effects of 
MCFAs, it is viewed as one of the most promising GI flora modifiers (Zentek et al., 2013). 
Medium chain fatty acids have shown repeated success against PEDV in vivo and in vitro 
(Gebhardt et al., 2018). An inclusion of 2% MCFA (1:1:1 blend of caproic, caprylic, and 
capric) was equally successful at mitigating PEDV as commercially-available 
formaldehyde products in complete swine feed (Gebhardt et al., 2018).  
2.4.9 Fat related pork issues 
Typically, pork fat contains high concentrations of saturated fatty acids and lower 
concentrations of mono- and poly-unsaturates (Miller, Shackelford, Hayden, & Reagan, 
1990). The consumption of saturated fatty acids by humans and pigs may increase LDL-
cholesterol, resulting in an increased risk of coronary heart disease. As a result researchers 
are trying to improve the content of certain UFA in pork, such as oleic acid, CLA, EPA, 
and DHA (King et al., 2004; Mitchaothai et al., 2007; Beaulieu, 2011; Smink et al., 2013; 
Sobol et al., 2015; Vahmani et al., 2016). The most well-known method of altering the fatty 
acid profiles of pork tissue is to feed pigs with oils/oilseeds high in UFA or other 
unsaturated fats (Dugan et al., 2004; King et al., 2004; Apple et al., 2008; Apple et al., 
2009c; Eastwood, 2012; Upadhaya et al., 2015a). 
Although decreasing the content of saturated fat in pork may provide a human 
health benefit,  another issue which has been known for over a century is the soft belly 
problem resulting from feeding diets high in UFAs (Ellis and Hankins, 1925; Browne et 
al., 2013b). The fatty acid profile of pork fat can influence processing properties including 
bacon slicing yield, slice fracture scores, cooking loss, pumped weight, and smokehouse 
yield (Mazhar et al., 1990; Rentfrow et al., 2003). According to Pork Composition and 
Quality Assessment Procedures (NPPC, 2000), quality pork fat must have <15% PUFAs 
and >15% stearic acid (18:0). Furthermore, pork fat containing >14% C18:2 is associated 
with soft fat (Rentfrow et al., 2003).   
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At the same time, as the pork industry strives for profit, the high cost of feed grains 
has driven the swine producers to seek alternative feedstuffs, among which distillers dried 
grains with solubles (DDGS, a coproduct from ethanol production) is one of the most used 
right now (Cromwell et al., 2011; Wang et al., 2012; Jung et al., 2013; Song et al., 2013; 
Song et al., 2014). Many research studies have been conducted to evaluate the increasing 
use of DDGS in swine diets. LaTour and Schinckel (2007) reported soft belly issues when 
dietary inclusion of high-oil DDGS increased from 10 to 20, 30, and 40 %.  Cromwell et 
al. (2011) further confirmed the linear decrease in belly firmness with the increasing DDGS 
inclusion from 0 to 15, 30, and 45%, and concluded that IV increased 4.3 units for every 
10 % unit inclusion of DDGS in the diet. Combining with the common diets composed of 
cereal grains and supplemented with fat, which is often high in PUFAs, the soft belly issue 
is becoming more and more urgent for a solution. 
The loss of the firmness in pork directly affects the quality of bacon and processed 
pork, which are largely based on the quality of the fat in those products. Fatty acid profiles 
and iodine values have been used to predict belly quality before processing of bacon 
(Rentfrow et al., 2003). Reduction in fat quality can occur that may adversely affect further 
processing, tissue separation, and storage stability (Averette Gatlin et al., 2002). Oxidative 
processes, to which PUFAs are particularly susceptible, can adversely affect the quality 
attributes of meat for human consumption, contributing to rancidity and ‘‘warmed-over’’ 
flavor (Gray et al., 1996). Oxidation can also result in the loss of nutritional value of meat, 
especially losses of vitamins (vitamin A, E, and C), and production of toxic molecules from 
cholesterol oxidation (Xiong, 2000). It is for these reasons that interest in supplementing 
the diets of meat-producing animals with antioxidants has been overwhelming (Monahan 
et al., 1989; Ham and Liebler, 1997; Faustman et al., 1998; Corino et al., 1999; Cheng et 
al., 2016).  
2.5 Role of vitamin E in grow-finishing pigs 
Since the essential role of VE for fertility was firstly proposed in 1922 (Evans and 
Bishop, 1922), more and more functional roles of VE including antioxidant activity in vitro 
and in vivo, pro-oxidant activity, neurological function, cell signaling have been proposed. 
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The application of supra-nutritional dietary VE in the meat industry has a long history. 
Although there is widely accepted beneficial effect of VE in beef products on lipid 
oxidation and meat discoloration, the responses in pigs are different.  
Vitamin E refers to a family of 8 structurally related fat-soluble compound isoforms, 
including four tocopherols (α, β, γ, and δ) and four tocotrienols (α, β, γ, and δ) as shown in 
Figure 2.16 (Jiang et al., 2001). All isoforms of VE are potent membrane-soluble 
antioxidants (Brigelius-Flohe and Traber, 1999). Tocopherols have a saturated phytyl side 
chain with three chiral centers that are R configuration (designated as * in Figure 2.16) at 
position 2-, 4- and 8- in the naturally occurring forms. Tocopherols differ in the number of 
methyl groups they have at the 5- and 7- positions of the chromanol ring.  
There are several sources of VE that are commonly used in swine diets which are 
DL-α-tocopheryl acetate (ATA) as a synthetic form that has eight stereoisomers of VE and
D-α-tocopheryl acetate produced from a natural form. In addition to those VE sources, α-
and γ-tocopherols are also possible sources for the swine diets as an alcohol form. The 
relative bioavailability varies slightly among various VE sources such as RRR-α-
tocopherol, RRR-γ-tocopherol, RRR-α-tocopheryl acetate, and all-rac-α-tocopheryl 
acetate. Although the various synthetic α-tocopherol forms have different biological 
activities, they have similar antioxidant activity (Ames, 1979; Herrera and Barbas, 2001).  
The essential role of VE for fertility was firstly proposed in 1922 at the University 
of California in Berkeley by Dr. Herbert M. Evans and his assistant Katherine S. Bishop 
(Evans and Bishop, 1922). More and more functional roles of VE have been proposed 
afterward, including antioxidant activity in vitro and in vivo,  pro-oxidant activity, 
neurological function, cell signaling (Brigelius-Flohe and Traber, 1999). Despite some 
debates over its in vivo antioxidant activity, beneficial effects of VE in different animals 
and humans have been massively reported over stress- and oxidative- stress-based diseases 
including cardiovascular disease, cancer, neurodegenerative diseases, cataracts, macular 
degeneration and more, especially α-tocopherols and γ-tocopherols (Azzi et al., 2016; Galli 
et al., 2017).  
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Figure 2.16 Chemical structures of Vitamin E. 
Adapted from Jiang et al. (2001). * Chiral centers that are in an R configuration in tocopherols 
and tocotrienols 
Being a fat-soluble vitamin, VE follows the intestinal absorption, hepatic 
metabolism and cellular uptake process of other lipophilic molecules and lipids. As a result, 
intestinal absorption of VE requires the presence of other lipid-rich foods (Schmölz et al., 
2016). In the gastrointestinal system, the absorption rate of VE varies between 20%-80%, 
following intake. As shown in Figure 2.17, after being absorbed by the intestine along with 
dietary fat, VE is then secreted into chylomicron particles. Both α-tocopherol and γ-
tocopherol are absorbed equally well from the intestine, and are carried to the liver by 
chylomicrons. The α-tocopherol is released into the circulation from the liver in 
combination with a carrier protein called α-tocopherol transfer protein (α-TTP), along with 
which it is then incorporated into VLDL for delivery to tissues (Traber et al., 1992; Wolf, 
2006). The γ-tocopherol may also be delivered by α-TTP, but only for a relative much 
smaller share around 9% (Hosomi et al., 1997). 
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2.5.1 Absorption, transport, and metabolism of vitamin E 
Chylomicrons containing VE isoforms are secreted into the intestinal lymphatic 
system and are infused in the systemic circulation via the thoracic duct (Hacquebard and 
Carpentier, 2005). The chylomicron bound VE is transported to either HDL or extra-
hepatic peripheral tissues with the aid of lipoprotein lipase. The resulting chylomicron 
remnants and HDL are subsequently taken up by the liver (Jiang et al., 2001). Pancreatic 
and intestinal enzymatic digestion followed by the circulation and distribution to the liver 
and non-hepatic tissues is the same for all VE forms, while discrimination between 
different forms of VE in favor of α-tocopherol occurs mainly in the liver by α-TTP 
(Schmölz et al., 2016).  
Figure 2.17 Absorption, transport, and metabolism of tocopherols and tocopherols in 
peripheral tissues  
Taken from Schmölz et al. (2016).  SR-B1: Scavenger receptor class B type 1; LPL: Lipoprotein 
lipase; NPC1L1: Niemann-Pick C1-like 1; VLDL: Very low density lipoproteins; HDL: High 
density lipoproteins; α-TOH: α-tocopherols; α-TTP: α-TOH transfer protein; LDL: Low density 
lipoproteins; LRP: LDL receptor-related proteins; LDLR: LDL receptor; 13’-OH: 13’-
hydroxychromanol; ABCA1: ATP-binding cassette transporters A1; 13’-COOH: 13’-
carboxychromanol; CEHC: Carboxyethylhydroxy chromanols; HDL: High density lipoproteins; 
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PLTP: Phospholipid transfer protein; CETP: Cholesteryl ester transfer protein; LCM: Long-chain 
metabolites; ICM:  Intermediate-chain metabolites; SCM: Short-chain metabolites.  
The liver does not accumulate toxic levels of VE, an excess of VE may be excreted 
into the bile or may be metabolized by side-chain degradation (ω and β oxidation) 
involving cytochrome P450 dependent hydroxylases (Hacquebard and Carpentier, 2005). 
Most α-tocopherol but a small fraction of γ-tocopherol are reincorporated into nascent 
VLDLs by α-TTP. Substantial amounts of γ-tocopherol are probably degraded by a 
cytochrome P450 mediated reaction to 2, 7, 8 -trimethyl -2 - (β -carboxyethyl) - 6- 
hydroxyl-chroman (γ -CEHC), which is excreted into urine (Jiang et al., 2001).  
Similar to chylomicron metabolism, VLDL and LDL are very important in VE 
transport into peripheral tissues through LDL receptor (LDLR) and Scavenger receptor 
class B type 1 (SR-B1) (Hacquebard and Carpentier, 2005; Rigotti, 2007; Schmölz et al., 
2016). VLDL triacylglycerols are catabolized by LPL at the endothelium site of peripheral 
tissues, and the released surface remnants, which contain α-tocopherol, are transferred to 
HDL particles, and some α-tocopherol is delivered to adjacent tissues. HDL particles 
uptake or remove cellular α-tocopherol via the action of transporters including SR-B1 and 
ATP-binding cassette transporters A1 (ABCA1), respectively (Hacquebard and Carpentier, 
2005; Rigotti, 2007).  
Once taken up by cells, intracellular VE content and distribution are regulated by 
different proteins binding specifically to α-tocopherol, such as α-TTP, tocopherol 
associated protein (TAP) and tocopherol binding protein (TBP).  The specific roles of these 
proteins and the metabolism of tocopherol at this level are still not completely clear 
(Hacquebard and Carpentier, 2005; Schmölz et al., 2016).   
2.5.2 Bioavailability of different isoforms of vitamin E 
Humans and animals do not synthesize their VE, they primarily acquire tocopherols 
from plants or chemically synthesized sources.  Although ATA is the most commonly used 
isoform in swine diets, γ-tocopherol is often the most prevalent form of VE in plant seeds 
oil (Table 2.5) and products derived from them (Speek et al., 1985; Grilo et al., 2014); γ-
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tocopherol represents  ~70% of the VE consumed in the typical US diet (Jiang et al., 2001). 
In contrast, α-tocopherol is the predominant form of VE in most human and animal tissues, 
including blood plasma. In humans, plasma α-tocopherol concentrations are generally 4–
10 times higher than those of γ-tocopherol, and γ-tocopherol concentrations in human 
tissues other than plasma are rare and mostly limited to adipose tissue. However, Burton et 
al. (1998) reported γ-tocopherol may constitute as much as 30–50% of the total VE in 
human skin, muscle, vein, and adipose tissue.  
Table 2.5 Content of tocopherols in different vegetable oils 
Type of oil n α-tocopherol β -tocopherol γ-tocopherol δ -tocopherol α-tocotrienol 
Olive Oil 5 179 ± 73 2 ± 2 11 ± 3 < 0.5 < 0.5 
Sesame Oil 3 10 ± 8 < 0.5 517 ± 24 < 0.5 < 0.5 
Sunflower Oil 8 783 ± 191 25 ± 10 19 ± 16 7 ± 7 < 0.5 
Soybean Oil 5 107 ± 11 27 ± 9 743 ± 63 356 ± 31 < 0.5 
Safflower Oil 2 575 ± 10 18 ± 1 16 ± 8 < 0.5 < 0.5 
Corn Oil 4 324 ± 56 13 ± 3 749 ± 107 41 ± 12 21 ± 7 
Data adapted from Speek et al. (1985), Mean ± SD 
The biological activity of VE has traditionally been determined with a fetal 
resorption assay in rats, where the activity is defined as the ability to prevent embryo death 
in mothers depleted of VE with the supplementation of different isoforms of tocopherol or 
tocotrienol (Bieri and Evarts, 1974). The following bioavailability values were firstly 
obtained with this method with DL-α-tocopheryl acetate as 100%: D-α-tocopherol 80%; 
DL-α-tocopherol 59%; D-α-tocopheryl acetate 136%; D-α-tocotrienol 13%; D-β-
tocopherol 45%; D-β-tocotrienol 4%; D-γ-tocopherol 13%; D-δ-tocopherol less than 0.4% 
(Leth and Søndergaard, 1977).  However, a later study reported different results, based on 
the rat bioassay work using DL- α-tocopheryl acetate as a standard (1 mg = 1 IU), activity 
of 1 mg DL- α-tocopherol equal to 1.1 IU, 1 mg D- α-tocopheryl acetate equal to 1.36 IU, 
and 1 mg D- α-tocopherol equal to 1.49 IU VE (Ames, 1979). The values from Ames (1979) 
were widely accepted and extended to various animals without verification. For the acetate 
compound of different stereoisomers, taking the activity of the RRR- α-tocopheryl acetate 
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as 100%, the other forms had the following activities: RRS 90%, RSS 73%, SSS 60%, RSR 
57%, SRS, 37%, SRR 31% and SSR 21% (Weiser and Vecchi, 1982). 
Bioavailability of VE has been proved to be influenced by numerous factors in 
humans including (1) the amount of VE and intake of interfering nutrients, such as fat; (2) 
proteins involved in VE absorption and individual differences in the efficiency of VE 
absorption, influenced by, for example, diseases; (3) VE metabolism; (4) lifestyle factors; 
(5) gender; and (6) genetic polymorphisms (Schmölz et al., 2016). Besides, the relative
bioavailability of different isoforms of VE also varies depending on the response measure 
used to define it, such as antioxidant activity in scavenging free radicals, immune system 
enhancement through modulating the innate immune response (Azzi et al., 2016; Galli et 
al., 2017).  
Among all the methods defining bioactivity, the rate and extent of a compound’s 
appearance in the blood are one of the most important, where metabolism and absorption 
rate would be an important factor (Lodge, 2005). As summarized by Lodge (2005), most 
excess VE is metabolized in the liver by cytochrome P450 (CYP) induced ω-oxidation 
followed by consecutive β-oxidation yielding carboxyethylhydroxychromans (CEHCs), 
which are present in both plasma and urine, but rates of metabolism for different isoforms 
are largely different. Tocopherols appear to be preferentially metabolized by different 
CYPs and to different extents, α-tocopherol is metabolized primarily by CYP3A4, but only 
a small fraction of the dose (<1%) is found as α -CEHC, whereas γ -tocopherol is primarily 
metabolized by CYP4F2 and is extensively converted to γ –CEHC (Lodge, 2005). Hoppe 
(1991) reported a similar principle, where weaning pigs absorb RRR-α-tocopherol and 
RRR-γ-tocopherol to a similar rate, but the elimination of RRR-γ-tocopherol from plasma 
is faster than that of RRR-α-tocopherol (Hoppe, 1991). A question related to the faster 
plasma elimination rate is whether the elimination was the result of excretion from the body 
or incorporation into tissue; more rapid incorporation into tissue would be an extremely 
positive difference, which is supported by the fact that γ-tocopherol constitutes as much as 
30-50% of total VE in human skin, muscle, vein and adipose tissue (Burton et al., 1998).
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2.5.3 Dietary vitamin E supplementation and tissue deposition 
Vitamin E can be deposited into different tissues readily; the deposition seems to 
increase linearly with increasing dietary supplementation level. Yang et. al. (2009) reported 
that concentration of α-tocopherol in heart, kidney, spleen, liver, lung, brain, loin and 
adipose tissue linearly increased when dietary α-tocopherol increased from 9.13 to 22 ppm 
as shown in Figure 2.18. Deposition of α-tocopherol in both epithelium and mucosa were 
also reported to be linearly increased with increasing dietary VE supplementation from 85 
to 300 ppm (Lauridsen, 2010). Similar results were reported that plasma concentration and 
deposition of α-tocopherol in lipid tissue, longissimus muscle, ham, liver, bile, kidney, 
spleen, pancreas, adrenal gland, and psoas increase with the increasing dietary α-tocopherol 
level from 2 ppm to 200 ppm correspondingly (Monahan et al., 1990; Dove and Ewan, 
1991).  
Figure 2.18 Concentration of α-tocopherol in different organ and tissue in pigs fed with 
different dietary α-tocopherol  
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Increased levels of α-tocopherol deposition in loin muscle and blood concentrations 
were also reported when the dietary ATA level was increased up to 700 ppm from 8 ppm 
(Kingston et al., 1998; Harms et al., 2003; Lauridsen et al., 2013; Kim et al., 2015). 
However, the efficiency of the increased deposition seems to decrease with increasing 
dietary ATA level from 100 to 500 ppm as shown in Figure 2.19.  
Figure 2.19 Concentration of α-tocopherol in loin muscle (A) and plasma (B) in response 
to different dietary supplementation 
Data was reviewed from 32 experiments published from 1990 to 2018. 
Vitamin E was believed to be mainly deposited in fat tissue since it is fat soluble. 
However, this hypothesis was proved to be wrong (Monahan et al., 1989). As shown in 
Table 2.6, Monahan et al. (1989) proved that α-tocopherol was present in the greatest 
amount in the mitochondria, and followed by the microsomes and myofibrillar at the 
subcellular level. Besides, α-tocopherol seems to be the only tocopherol isomer detected in 
the adipose and muscle as well as in these subcellular components. When the diets were 
only supplemented with α-tocopherol, there were no detectable peaks corresponding to the 
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γ and δ isoforms, even though these isomers are normally present in feed components of 
plants and seeds (Asghar et al., 1991a). 
Table 2.6 Concentrations of α-tocopherol in pork tissues (𝜇g/g tissue) and subcellular 
fractions of the L dorsi muscle (𝜇g/g protein) of pigs fed diets supplemented with 
different levels of α-tocopheryl acetate/kg diet 
Dietary vitamin E content, ppm 
Tissue subcellular fraction 10 100 200 
Adipose tissue 1.2 3.2 9.7 
Muscle (L dorsi) 0.5 2.6 4.7 
Myofibrillar fraction 4.0 11.4 23.7 
Mitochondria1 fraction 8.2 68.1 98.2 
Microsomal fraction 12.0 29.4 53.1 
Adapted from (Monahan et al., 1989). 
A certain period of consumption of the increased dietary VE is required for the 
increasing deposition in the tissue. Depending on the different measurement and level of 
VE, conclusions may differ on the optimal length of duration, levels and sources of VE to 
achieve the best deposition. Previous research evaluated different period of VE 
supplementation from 7 to 105 days, with all of them reporting positive results. Buckley 
et. al. (1980) fed pigs with 800 mg/day/pig VE in the form of α-tocopheryl acetate through 
top-dressing on diets for 7 days pre-slaughter and lipid oxidation of both cooked and raw 
pork loin muscle were significantly reduced. Similar result was reported by Phillips et. al. 
(2001) who reported that improved plasma α-tocopherol concentration was established at 
the first week of consumption. A significant increase in tissue VE deposition was also 
reported when pigs were fed with high α-tocopherol diets for 14, 21, 42, 60, 84, 98 and 105 
days.  Guo et. al. (2006) reported that dietary supplementation with 200 ppm VE as ATA 
for six weeks was most beneficial in improving lipid stability and pork quality compared 
to groups with the supplementation for 3 and 9 weeks. However, supra-nutritional VE 
supplementation as ATA for 28 days before slaughter maximized muscle VE concentration 
in finisher pigs, when they were provided with 35, 300, 500 and 700 ppm dietary VE for 
14, 28 and 42 days (Kim et al., 2015). Both plasma and tissue VE concentration plateaued 
at 28 days feeding of all the diets (Kim et al., 2015).  
75 
When it comes to different levels of dietary VE, a boundary also exists in tissue 
deposition. When using different levels of VE (D-α-tocopheryl acetate, or RRR- α -
tocopheryl acetate) including 10, 40, 70, 100, and 200 ppm as a dietary supplement for 95 
days for pigs from 27 to 120 kg, VE deposition in both loin muscle and adipose tissue 
plateaued when dietary VE level was 40 ppm (Boler et al., 2009). Similar results were 
reported in nursery pigs fed diets with VE levels at 0, 20, 40, and 60 IU/kg all-rac- α -
tocopheryl acetate for 42 days, as shown in Figure 2.20. Although the concentration of α-
tocopherol kept increasing in the liver with the increasing dietary VE concentration, 
concentration of α-tocopherol in plasma, liver, and heart plateaued at around 40 IU/kg 
dietary VE concentration (Moreira and Mahan, 2002). However, in another experiment 
where piglets were fed diets with 0, 20, 40, 60, 80, 100, 150, and 200 IU/kg all-rac- α -
tocopheryl acetate for 42 days, concentration of α-tocopherol not only in the liver but also 
subcutaneous fat tissues linearly increased with the increasing dietary VE supplementation 
from 0 to 200 IU/kg (Moreira and Mahan, 2002). 
Figure 2.20 Effects of dietary VE supplementation on concentration of α-tocopherol in 
serum (Day 35) and tissues (Day 42)  
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Beyond level and duration of dietary VE supplementation, different sources of VE 
affect its deposition significantly (Boler et al., 2009; Yang et al., 2009). A natural source 
of VE with pure D- α-tocopheryl acetate was reported to have higher efficiency in tissue 
deposition than synthetic VE normally used with mixed isoforms of dl-α-tocopheryl acetate 
(Boler et al., 2009). According to this research, dietary supplementation of 100 ppm natural 
sourced VE produced similar deposition in adipose and loin muscle as 200 ppm synthetic 
VE. The following study affirmed that the natural source VE displayed higher 
bioavailability. When compared to synthetic VE source, the bioavailability of natural 
source in terms of deposition efficiency might be greater in pigs than 1.36, which was 
initially determined in pregnant rats and extended to various production phases and other 
animal species without verification based on tissue deposition results (Yang et al., 2009).  
2.5.4 Effect of dietary vitamin E in grow-finishing pigs 
2.5.4.1 Growth performance and requirement of vitamin E in pigs 
Swine fed semi-purified diets fortified with VE generally had improved growth 
rates and F/G, whereas when cereal grains served as the basal diets animal performance 
was generally not improved by the VE supplementation (Mahan, 2001; Averette Gatlin et 
al., 2002). The considerable content of VE in cereal grains could be the reason. Normally 
a corn-soybean meal grow-finishing pig diets can have as high as 16 ppm VE (Waylan et 
al., 2002; Boler et al., 2009), although both natural and synthetic VE can be destroyed by 
oxidation especially with the presence of high temperature, high moisture, mineral, and 
easily oxidizable fat (NRC, 2012). Besides, many confounding dietary factors including 
the content of selenium (Se), UFAs, other vitamins, copper, synthetic antioxidants, and 
even the physiological status of the animal can also contribute to the variability of VE 
research. As listed in Table 2.7, many journal papers related to VE also reported dietary Se 
content at the same time. The wide variety in VE responses caused by those factors makes 
it hard to determine the requirement of VE for pigs and other animals; the requirements 
cannot be defined in isolation from Se status (Hidiroglou et al., 1992). 
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Due to the many factors affecting the response to dietary VE supplementation on 
growth performance, it is reasonable for the inconsistent trend of the supplemental effect 
of VE in grow-finishing pigs fed corn-soybean meal diets. As reviewed in Table 2.7, four 
out of nine papers reported significant positive effects on ADG, and one paper reported a 
significant effect on F/G while showing a different trend. Asghar et al. (1991b) reported 
significant improvement in both ADG and F/G when pigs were fed supra-nutritional VE 
(100 and 200 ppm) in the form all-rac-α-tocopheryl acetate compared to pigs fed diets 
containing 10 ppm. Similarly, Onibi et al. (2000) reported improvement in ADG when pigs 
were fed diets containing 500 ppm VE, compared to those fed diets with either no-added 
or 200 ppm VE.  
Feeding 300 ppm VE as all-rac-α-tocopheryl acetate also improved ADG in pigs 
from 52 to 77 kg, and 52 to 98 kg compared to those with 11 ppm dietary VE (Niculita et 
al., 2007). However, Lauridsen et al. (1999) reported no beneficial effect of 
supplementation of supra-nutritional levels of VE, feeding pigs with 200 ppm dietary VE 
reduced ADG compared to pigs fed either 0 or 100 ppm dietary VE. Onibi et al. (2000) 
also reported negative effect of dietary VE supplementation at 200 ppm compared to 
unsupplemented control group. No significant effect of adding VE in the diet on ADFI was 
reported previously from 8 to 500 ppm.   
Although much research reported beneficial effects of supplemental VE above 
physiological requirements on overall performance, immune-competence and preservation 
of meat and milk products (Hidiroglou et al., 1992; Bosi et al., 2000; Cheng et al., 2016). 
Instead of growth performance, the biggest concern in establishing VE requirement was 
based on its essential role in maintaining the integrity of biological cell membranes and 
their potential deficiency at different conditions.  
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Table 2.7 Effect of dietary supplementation of vitamin E on growth performance of pigs 
1 Only added vitamin E was counted, all papers used vitamin E in the form of all-rac-α-tocopheryl 
acetate; 
2 Number with superscription of * refers to significant difference, P < 0.05. NR refers to not reported. 
Wight, kg  VE1,  IU/kg Se, 
ppm 
Growth2, % 
Reference Initial End Control Trt ADG ADFI F/G 
Asghar et al. (1991b) 29 49 10 100 0.3 +21.0* +13.4* -8.1*
10 200 +12.9* +3.0 -5.9*
100 200 -6.7 -9.1* +2.4
29 103 10 100 0.3 +2.8 +5.6 +1.0
10 200 +6.9 +8.0 +1.7
100 200 +4.1 +2.2 +0.7
Dove and Ewan (1991) 5 16 0 22 0.1 -2.6 +1.0 +2.6
Cannon et al. (1996) 40 71 8 100 0.3 -4.0 NR -3.7
71 108 8 100 +4.6 NR -3.7
40 108 8 100 0 NR -3.7
Lauridsen et al. (1999) 25 100 0 100 0.26 +2.5 +1.8 -1.8
0 200 -3.4* -3.4 0
100 200 -5.8 -5.4 +1.8
Onibi et al. (2000) 50 90 0 200 0.25 -1.6* -4.9 -3.9
0 500 +12.3* +3.5 -8.2
200 500 +14.1* +8.9 -4.5
Waylan et al. (2002) 46 82 0 22 0.3 +0.9 +0.7 0
0 110 +1.7 -1.0 -2.5
22 110 +0.9 -1.7 -2.5
82 115 0 22 0.3 +4.5 +3.6 0
0 110 -1.8 +1.9 -3.2
22 110 -6.0 -1.6 -3.2
46 115 0 22 0.3 +1.8 +2.2 0
0 110 -0.9 +0.6 0
22 110 -2.6 -1.5 0
Niculita et al. (2007) 52 77 11 100 NR +4.9 NR NR 
11 300 +12.6* NR NR 
100 300 +7.3 NR NR 
77 98 11 100 NR -2.7 NR NR 
11 300 +1.7 NR NR 
100 300 +4.5 NR NR 
52 98 11 100 NR +2.6 NR NR 
11 300 +7.3* NR NR 
100 300 +5.7 NR NR 
Wang et al. (2012) 58 92 10 210 0.3 +0.8 +0.7 -3.2
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As summarized by NRC (2012), VE deficiency results in a wide variety of 
pathological conditions, including skeletal and cardiac muscle degeneration, degenerative 
thrombotic vessel injury, gastric parakeratosis, gastric ulcers, anemia, liver necrosis, 
yellow discoloration of fat tissue, mastitis-metritis-agalactia (MMA), infertility and sudden 
death. Studies in grow-finishing pigs fed corn-soybean meal diets suggested that 5 ppm VE 
and 0.04 ppm Se resulted in deficiency lesions and mortality, while supplementation of 22 
ppm VE prevented the deficiency compared to the supplementation of 5 ppm (Michel et 
al., 1969). Further studies showed that supplementation of 10-15 ppm VE in diets 
effectively prevented mortality and deficiency lesions and supported normal performance 
in the presence of adequate Se (Meyer et al., 1981; Mahan, 2001). Due to the low reservoir 
of both VE and Se in young piglets, the relative requirement of VE as concentration in the 
diet decreases with the increasing body weight as indicated in Table 2.8, however total 
daily requirement increases with increasing body weight.  
Table 2.8 Requirement of vitamin E and Se for grow-finishing pigs 




  Dietary2 16 16 11 11 11 11 11 
  Daily need3 4.3 7.5 10.0 16.5 23.3 27.6 30.7 
Se 
  Dietary4 0.3 0.3 0.25 0.2 0.15 0.15 0.15 
  Daily need5 0.08 0.14 0.23 0.30 0.32 0.38 0.42 
DSM6 
(2016) 
BW, kg 5-30 30-70 70-market
Dietary2 100-150 60-100 60-100
1 Assuming diets meet the energy requirement recommended by NRC (2012). 
2 Unit, IU/kg. 1 IU vitamin E = 0.67 mg of D-α-tocopherol or 1 mg of DL-α-tocopheryl acetate. 
3 Unit, IU/day. 
4 Unit, %. 
5 Unit, mg/day. 
6 When dietary fat is higher than 3%, then add 5 ppm vitamin E for each 1% dietary fat. 
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2.5.4.2 Antioxidant system 
Most beneficial effects of VE are rationalized based on the antioxidant capacity 
except its essential role for reproduction. VE functions as a chain-breaking antioxidant that 
prevents the propagation of free radical reaction both in vitro and in vivo. In a study using 
tert-butyl hydroperoxide induced lipid peroxidation model in rats, lipid peroxidation was 
reduced through the supplementation of VE of 7 to 10 ppm higher than control (Ham and 
Liebler, 1997). At the same time, the enzymatic antioxidant system including superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) were also 
reported to be improved by VE supplementation over nutritional need of 11 ppm 
(Lauridsen et al., 1999; Gultekin et al., 2001; Lauridsen, 2010; Cheng et al., 2017). The 
increased dietary VE in pigs also showed a protective effect in the lipid oxidation of pork 
products (Cheng et al., 2016).  
Different isoforms function similarly on oxygen radicals, while γ-tocopherol is a 
powerful nucleophile that traps electrophilic mutagens in lipophilic compartments as a 
complementary effect of glutathione (GSH). As a result, γ-tocopherol could protect lipids, 
DNA, and proteins from peroxynitrite-dependent damage (Brigelius-Flohe and Traber, 
1999).   
As free radicals have been intensively studied for their effects on nucleic acids, 
proteins and lipids, the role of VE as a promising antioxidant to capture the free radicals 
involved in different diseases including cardiovascular disease, cancer, neurodegenerative 
diseases, cataracts, macular degeneration and more have been intensively tested (Azzi et 
al., 2016). During this process, some non-antioxidant mechanisms of VE were also 
proposed, including its ability to affect cell signal transduction and gene expression, which 
can be specific to the tocopherol isoforms (Berdnikovs et al., 2009; McCary et al., 2011).   
2.5.4.3 Immune response 
It has also been reported that VE can counteract the age-associated decline in 
cellular immune responsiveness (CIR). Particularly, T helper cell type 1 (Th1) activity, i.e., 
interferon (IFN) γ–producing Th1 activity and, hence, delayed-type hypersensitivity (DTH) 
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would be enhanced by VE supplementation, which has been supported by research in 
humans (Pallast et al., 1999). The mechanism for the immune-enhancing effect of VE has 
not yet been fully elucidated, presumed mechanisms for this effect include both a direct 
and an indirect effect (through macrophages) of VE on T cell functioning, which is also 
associated with its antioxidant function (Pallast et al., 1999).  
Different isoforms of VE may have distinct or even opposing effects in immune 
function. Supplemental levels of α-tocopherol and γ-tocopherol had anti-inflammatory and 
pro-inflammatory effects, respectively, during experimental asthma in mice (Berdnikovs 
et al., 2009). Highly-elevated γ-tocopherol reduced lung lavage inflammation (IL-5, IL-10, 
MIP-1α and MCP-1, but not IFNγ, IL-2, CCL11 or CCL24) and partially inhibited 
leukocyte transendothelial migration in vitro (McCary et al., 2011). The mechanism for 
these opposing immune-regulatory functions of purified tocopherols at physiological 
concentrations is not through modulation of expression of several cytokines, chemokines, 
or adhesion molecules, but it might be, at least in part, by regulation of endothelial cell 
signals during leukocyte recruitment (Berdnikovs et al., 2009). A later study from the same 
lab proved that these effects of tocopherols are reversible, the pro-inflammatory effects of 
supplemental γ-tocopherol on lung inflammation were partially reversed by supplemental 
levels of α-tocopherol and were completely reversed by highly-elevated- levels of α-
tocopherol (McCary et al., 2011). 
2.5.5 Dietary vitamin E and Pork quality  
Pork quality covers inherent properties critical for the suitability of further 
processing and storage of meat. It can be determined by many aspects, among which odor 
and taste are the most important attributes. Further, product quality can be divided into 
technological, nutritional, hygienic and sensory quality. The main technological attributes 
of interest include water-holding capacity, color, fat content, marbling, oxidative stability, 
and uniformity. These properties are influenced by multiple interacting factors, such as 
genotype of the breed, feeding strategy, pre-slaughter handling, stunning, slaughter method, 
chilling and storage conditions (Rosenvold and Andersen, 2003). Dietary supplementation 
of VE above dietary requirement (e.g., 200 ppm) are reported to have benefits over 
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different pork quality properties including lipid oxidation, water-holding capacity, and 
discoloration (Bosi et al., 2000; Trefan et al., 2011; Wang et al., 2012; Song et al., 2014), 
while results are inconsistent as shown in Table 2.9.     
2.5.5.1 Pork oxidation and dietary vitamin E supplementation 
Oxidation is one of the primary mechanisms of quality deterioration in meat during 
storage, off-flavor development in meat has been attributed to the formation of a complex 
mixture of carbonyls during the autoxidation of UFA and protein (Buckley et al., 1995; 
Xiong, 2000; Lund et al., 2011; Falowo et al., 2014). As a strong lipid-soluble antioxidant, 
VE could be active in the subcellular fraction and catch free radicals produced during lipid 
oxidation, and as a result, break the chain of lipid peroxidation in cell membranes and 
prevent the formation of lipid hydroperoxides (Georgantelis et al., 2007). Vitamin E is 
usually incorporated in the diet as ATA and does not function as an antioxidant until it is 
de-esterified in the gastrointestinal tract. As previously discussed, dietary VE would be 
deposited into different organs and tissues after being absorbed. Research of using dietary 
VE supplementation to improve quality of meat products was massively reported in the 
past three decades especially in cattle; improved color stability, reduced lipid oxidation, 
and extended shelf-life were consistently reported (Faustman et al., 1998; Sales and 
Koukolová, 2011). A threshold level of α-tocopherol in the muscle between 3.0 and 3.3 
𝜇g/g ensures a detectable antioxidant effect in cattle (Faustman et al., 1989).  
The increased tissue α-tocopherol concentration protects not only membrane lipids, 
but also myoglobin from oxidation. This increased deposition of VE in meat product may 
interfere the process of discoloration in fresh, ground, and frozen beef caused by lipid 
oxidation. As a result lipid rancidity is suppressed, especially in fresh, ground, and frozen 
beef and less so in cooked beef (Liu et al., 1995).  
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Table 2.9 Review of dietary effects of vitamin E on pork quality1 
1 NS, not significant; ND, not detected; S, significant; (-), reduced; (+), increased. 
Dietary VE, IU/kg 




70 7 8 ~200 ND S (-) 
Monahan et al. (1990) 70 14 30 200 ND S (-) 
Asghar et al. (1991a) 98 10 200 S (+) S (-) 
Cannon et al. (1995) 84 8 100 ND S (-) 
Lanari et al. (1995) 99 105 13 200 S (+) S (-) 
Cannon et al. (1996) 110 85 8 100 ND S (-) 
Dirinck et al. (1996) 100 77 60 200 NS S (-) 
Houben et al. (1998) 111 84 8 200 NS S (-) 
Jensen et al. (1998a) 110 80 8 100 S (+) S (-) 
110 80 8 200 S  (+) S (-) 
Kingston et al. (1998) 70 80 10 500 ND S (-) 
Corino et al. (1999) 160 60 25 100 ND S (-) 
160 60 25 300 ND S (-) 
Phillips et al. (2001) 130 42 48 170 NS S (-) 
Hasty et al. (2002) 130 42 12 55 NS S (-) 
130 42 12 99 NS S (-) 
130 42 12 174 NS S (-) 
130 42 12 351 NS S (-) 
Waylan et al. (2002) 114 60 16.25 40.85 NS S (-) 
114 60 16.25 98.5 S (+) S (-) 
Ohene-Adjei et al. 
(2004) 
110 42 26 126 NS NS 
110 42 26 226 NS NS 
110 42 26 326 NS NS 
  Ground Pork 
Asghar et al. (1991a) 98 10 200 ND S (-) 
98 10 100 ND S (-) 
Houben et al. (1998) 110 70 8 200 NS S (-) 
Phillips et al. (2001) 130 42 48 170 NS S (-) 
Guo et al. (2006) 113 63 40 200 NS S (-) 
113 21 40 200 ND S (-) 
113 21 40 400 ND S (-) 
113 42 40 200 ND S (-) 
113 42 40 400 ND S (-) 
113 45 40 200 ND S (-) 
113 45 40 400 ND S (-) 
   Bacon and Sausage 
Harms et al. (2003) 115 39 20 410 NS NS 
Buckley and 
CONNOLLY (1980) 
70 7 8 ~200 ND S (-) 
70 7 8 ~200 ND S (-) 
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Depending on the product type, package, and storage condition, the effect varies. 
As shown in the radar chart in Figure 2.21, with the increasing dietary VE supplementation, 
the lipid oxidation as measured by TBARS tends to be more and more reduced along with 
increasing retail display time. High dietary VE supplementation was more effective in 
preventing lipid oxidation when raw meat or loin chops were only over-wrapped by film 
(Jensen et al., 1998b; Ohene-Adjei et al., 2004; Guo et al., 2006; Wang et al., 2012), while 
less effective in modified atmosphere packaging (MAP) studies (Ohene-Adjei et al., 2004). 
The deposited VE in the muscle product could also affect the shelf life of cooked products 
similarly as raw meat (Buckley and CONNOLLY, 1980; Monahan et al., 1990; Hoving-
Bolink et al., 1998; Kingston et al., 1998).    
Data from Asghar et al., (1991). 
Figure 2.21 Radar chart of the effect of different dietary vitamin E level on lipid 
oxidation in loin muscle in pigs 
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When it comes to processed cured products, the results reported are less consistent. 
Harms et al. (2003) reported that no significant difference in lipid oxidation of sausage 
from pigs fed with either 20 ppm or 410 dietary VE for 39 days before slaughter. While 
when pigs were fed diets with supra-nutritional levels of VE over 11 ppm, a significant 
effect was reported in preventing lipid oxidation in ground pork sausage, and bacon storage 
at 4 oC (Buckley and CONNOLLY, 1980; Georgantelis et al., 2007). The use of nitrite 
product or some other seasoning might contribute to the difference, as they are also widely 
used strong antioxidants in the processed meat product (Rentfrow and Suman, 2014).   
Regarding the supplementation levels of VE, the effect of VE in preventing 
oxidation varies by dose and duration of dosing (Blatt et al., 2004). A previous review by 
Trefan et al. (2011) concluded that at least 100 IU VE/kg diet is required to significantly 
improve lipid oxidation protection of longissimus muscle, which is much greater than the 
NRC (2012) VE requirement estimate (11 IU/kg). Only a few studies have investigated 
supplementation levels of VE in swine diets over 300 IU/kg: up to 700 IU/kg - (Jensen et 
al., 1998b); up to 500 IU/kg - (Onibi et al., 2000); up to 600 IU/kg - (Hasty et al., 2002). 
Results are generally positive but have been inconsistent in TBARS value and deposition 
rate, which demonstrates a need for further investigation.  
2.5.5.2 Discoloration and vitamin E 
Lipid oxidation generates a variety of secondary oxidation products, such as 
aldehydes, which have been discussed in contributing to off flavors and off-odors 
associated with rancidity in muscle foods. The aldehyde and 4-hydroxy-2-nonenal (HNE) 
products can also readily diffuse into the cellular environment where they could react with 
bio-molecular components such as myoglobin and, as a result, affect the discoloration of 
muscle products (Suman and Joseph, 2013). The color-stabilizing effect of α-tocopherol 
within meat has renewed interest in dietary strategies for improving the overall quality of 
beef, chevon, lamb, pork and other meat products (Liu et al., 1995; Suman et al., 2007; 
Jose et al., 2018; Possamai et al., 2018).  
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Although a consistent effect of dietary VE supplementation on meat color has been 
extensively reported in ruminant animals including cattle, goat, and lamb, this effect has 
been inconsistent in pork. Early studies before 1995 generally reported significant dietary 
VE effect in slowing down discoloration in pork, such as loin chops from pigs wherein 
either 100 or 200 ppm dietary VE supplementation slow down the discoloration 
significantly, compared to the loin chops from the control group of 10 ppm dietary VE 
(Asghar et al., 1991a). As shown in the surface response chart (Figure 2.22), the higher 
dietary VE pigs were fed from 8 to 200 ppm, the slower the discoloration would be.  Similar 
results were reported by Lanari et al. (1995) where pigs were fed with either 13 ppm or 200 
ppm VE, VE improved bone color stability regardless of the package atmosphere, and 
muscle color stability was improved during display in air or modified atmosphere, although 
the beneficial effect was only detectable for illuminated storage. More recent studies using 
up to 326 ppm dietary VE did not detect significant effects in delaying discoloration (Hasty 
et al., 2002; Waylan et al., 2002; Ohene-Adjei et al., 2004; Guo et al., 2006).   
Figure 2.22 Surface response of dietary vitamin E level on the shelf life of pork chops 
stored at 4 oC under fluorescent light  
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The inconsistent result might be due to the structural differences of myoglobin from 
pigs and cattle. When myoglobin was incubated with HNE, only mono-adducts of HNE 
with porcine myoglobin were detected and three histidine (HIS 24, 36 and 119) residues in 
porcine Mb that were readily adducted by HNE, whereas in bovine Mb seven histidine 
residues (HIS 24, 36, 81, 88, 93, 119 and 152) were abducted (Suman et al., 2007).  
2.5.5.3 Drip loss and vitamin E 
In addition to the oxidative stability of pork that is affected by the quantity and 
quality of VE in the diet, water-holding capacity may also be affected. Past research has 
indicated that VE’s antioxidant action can reduce both drip loss and purge loss, although 
results are inconsistent as shown in Table 2.10. Loin muscle from pigs fed with 200 ppm 
VE had a significantly lower drip loss compared to those fed with 10 ppm vitamin diets, 
but not for the pigs fed with 100 ppm (Asghar et al., 1991a; Wang et al., 2012). However, 
other studies show that dietary supplementation of VE up to 200 ppm has no significant 
effect on water holding capacity as measured by drip loss in pigs compared to those fed 
with control diets of less than 20 ppm dietary VE (Cannon et al., 1995; Cannon et al., 1996; 
Hoving-Bolink et al., 1998; Jensen et al., 1998a; Peeters et al., 2006).  
As mentioned in the previous section, VE deposition increases with the increasing 
VE ingestion. The increased VE in the tissue may protect the integrity (fluidity) of cell 
membranes from freeze injury or post-slaughter oxidation that increases the permeability 
of cell membrane and results in leakage of sarcoplasmic fluid (Young et al., 2005). It may 
also preserve the fluidity of the membranes which might be adversely affected by oxidative 
changes in the phospholipids (Asghar et al., 1991a). This theory is supported by the fact 
that most related research reported a numerically lower value of drip loss for pork from 
pigs fed with dietary VE level more than 100 ppm. Further study need to be done for us to 
better understand the role of dietary VE on the water holding capacity. 
88 




kg Length, day 
Temperature, 
oC 
VE1, IU/kg Drip 
loss,% Initial End Control Treatment 
Asghar et al. (1991a)2 29 103 98 4 10 200 -46.3
*
29 103 98 4 10 100 -14.7
Cannon et al. (1995)3 40 108 84 2 8 100 -6.3
Cannon et al. (1996)3 40 108 85 2 8 100 -5.0
Hoving-Bolink et al. 
(1998)4 44 111 84 7 8 200 0 
Jensen et al. (1998b)2 25 110 80 4 8 100 NS 
Waylan et al. (2002)4 46 115 60 4 0 22 +22.3
46 115 60 4 0 110 -4.8
46 115 60 4 22 110 -13.9
Wang et al. (2012)3 58 92 40 4 10 210 -5.6
1 Only added vitamin E was counted, all papers used vitamin E in the form of all-rac-α-tocopheryl 
acetate. Numbers with the superscriptions of * shows a significant effect, P < 0.05. NS, not 
significant but no data was reported. 
2 Drip loss was weight loss after a storage of 3 days.  
3 Drip loss was weight loss after a storage of 24 hours. 
4 Drip loss was weight loss after a storage of 48 hours.  
2.6 Interaction between fat sources and vitamin E 
2.6.1 Absorption  
Being a fat-soluble vitamin, absorption and bioavailability of VE depend highly on 
the properties of dietary fat. Piglets fed with 5% choice white grease showed better 
absorption and deposition of VE in terms of α-tocopherol content in serum, liver, heart, 
and adipose tissues compared to piglets fed diets without fat supplementation (Moreira and 
Mahan, 2002). Another example of this fact was illustrated recently in the study of 
Prévéraud et al. (2014), where dietary fat sources affected α-tocopherol concentrations in 
plasma and tissues of pigs. The α-tocopherol concentrations in plasma and tissues 
decreased when pigs were fed higher PUFA diets (from linseed and safflower oil) than the 
no added-fat control diets, and increased when pigs were fed high SFA diets (olive oil, and 
coconut oil). Also, Gallo-Torres et al. (1977) reported that VE emulsified in medium-chain 
triglycerides had better gastrointestinal absorption compared to long-chain triglycerides. 
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Based on those results, they suggested that the profile of dietary FA is one of the key factors 
to determine VE status and bioavailability in plasma and tissues. Similarly, Lauridsen et al. 
(2013) reported that dietary fatty acid composition and VE supplementation influenced the 
α-tocopherol stereoisomer composition in the liver, less proportion of the RRR- α-
tocopherol was observed in pigs provided fish oil and the highest dose of VE in comparison 
with other dietary treatments of tallow and sunflower oil. Expression of α-TTP in the liver, 
which is a key protein in VE metabolism, was higher in pigs fed 5% fish oil than pigs fed 
5% tallow and sunflower oil (Lauridsen et al., 2013).  
2.6.2 Antioxidant status and shelf life of pork 
Serum VE content was generally reduced, and serum TBARS content was 
increased when pigs were fed peroxidized lipids based on a review of 16 published studies 
(Hanson et al., 2014). At the same time, dietary VE supplementation above the requirement 
increased serum VE, and decreased tissue TBARS as reviewed in section 2.5. These 
research suggests that feeding lipids of low quality and supra-nutritional VE affect the 
metabolic oxidative status of pigs in opposite directions, their interaction should be 
promising. However, it is unclear if antioxidants are useful additions to lipids to maintain 
optimal nutritional value, or if their addition to swine diets is beneficial in overcoming an 
oxidative metabolic challenge from low-quality dietary fat.   
Besides, the ability to be deposited into different tissues of both VE and different 
fatty acids and the different chemical property of UFAs and VE provide an opportunity for 
both dietary constituents to counteract each other in tissues. On the one hand, as an essential 
micronutrient for pigs, VE plays important roles in reducing oxidative stress as an 
antioxidant, improving the oxidative stability of pork and prolonging fresh pork shelf life 
(Boler et al., 2009). On the other hand, the susceptibility of pork to lipid peroxidation and 
rancidity may increase when high levels of PUFA and degree of unsaturation were 
presented due to dietary FA profile (Mitchaothai et al., 2007; Okrouhlá et al., 2010; Browne 
et al., 2013a). Therefore, improving dietary VE levels could increase lipid stability of 
increasing UFAs in tissues caused by the change in dietary fatty acids (Guo et al., 2006). 
Wang et al. (2012) found that supplementation with high levels of VE decreased TBARS 
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value of meat produced with high DDGS diet (30% highest ) on 4, 7, 10 and 13 d post 
slaughter. The study also indicated that the high content of UFAs in DDGS favored lipid 
oxidation by increasing PUFA content in the muscle, while increased dietary VE 
supplementation from 10 to 210 IU/kg slowed the oxidation down (Wang et al., 2012).   
The protective effect on lipid oxidation by increasing dietary VE seems not to work 
well in pigs fed extremely oxidized unsaturated fat. When pigs were fed diets containing 
30% peroxidized DDGS (5.2 ng malondialdehyde/mg oil, the peroxide value of 84.1 
mEq/kg oil, and 0.95% S content), although increasing dietary VE content by ten times 
from NRC (2012) requirement estimates of 11 IU/kg diet increased tissue VE concentration 
linearly with increasing dietary VE supplementation, it failed to counteract the negative 
effect caused by peroxidized DDGS. The negative effects included higher TBARS content 
in the muscle, increased PUFA and iodine value. (Song et al., 2014).  
To improve oxidative stability in the feed and pigs as well as the resultant pork, 
depending on the types and levels of fats in diets, different levels of antioxidants such as 
VE or synthetic antioxidants are needed more/less. In the case of the abuse use of DDGS 
around 30%, supranutrional VE supplementation up to 200 ppm may be necessary to 
eliminate their negative effect in pork quality, especially the lost in shelf life caused by the 
increasing UFA in the resultant pork product. There have been rare reported study that 
investigated the interactions among dietary fat sources, and supplementation level or 
isoforms of VE associated with heavy SLW. 
2.6.3 Immunity 
High levels of PUFA in the diet are thought to increase VE requirements, and 
interactions between high PUFA diets and VE to affect immune function have been 
reported (Bendich et al., 1985; Lauridsen, 2010). Reduction in inflammatory response can 
be observed in terms of decreasing serum TNF-α concentration after an immune challenge 
by decreasing the n-6:n-3 ratio (Meyer, 2003; Beaulieu, 2011). Additionally, increasing 
dietary VE is widely accepted to be able to enhance immunity in terms of antibodies against 
a wide variety of virus and bacteria in human, chickens, pigs, sheep and calves (Finch and 
Turner, 1996; Meydani et al., 1997; Eum et al., 2013; Cheng et al., 2017).  
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The beneficial effect of both n-3 fatty acids and VE in the immune system were all 
previously reported, and an additive effect between them was expected. In an E. coli LPS 
challenged grow-finishing pig study, prostaglandin E2, which is largely responsible for 
neurological infection responses such as anorexia and fever, was reduced by 
supplementation with either VE or n-3 fatty acids, while no additive effects on serum 
concentrations of pro-inflammatory cytokines were observed (Upadhaya et al., 2015b). 
Similar results were reported in weaning pigs also, where pigs were fed with 3×3 treatment 
of fat sources (tallow, sunflower oil, and fish oil) and VE levels (85, 150, and 300 mg/kg 
all rac-α-tocopheryl acetate), the interaction between fat sources and VE supplementation 
on immunity were not observed (Lauridsen, 2010).  
Even though the published data has not demonstrated an interaction on immune 
response between fat sources and VE supplementation in pigs, research in humans and fish 
showed some evidence of the additive effect or interactions. Based on a randomized control 
trial, dietary n-3 PUFAs plus VE restored immune-competence and prolonged survival for 
severely ill patients with generalized malignancy (Gogos et al., 1998). In another study in 
humans consuming diets with 15% PUFA, and with or without 80 mg tocopheryl 
acetate/day, increasing dietary levels of PUFA to 15% may adversely affect some indices 
of DNA stability in human lymphocytes, while increasing the dietary intake of VE by 80 
mg/day ameliorates the damaging effects of PUFA (Jenkinson et al., 1999). When rainbow 
trout were fed with diets containing three levels of dietary VE (0, 100 or 1000 ppm ATA) 
and n-3 PUFA either at 20 or 48% of dietary lipid, both humoral and cellular immune 
functions deteriorated in fish fed VE deficient diets whereas improvement in most 
parameters corresponding to supplementation of supra-nutritional levels of VE were 
observed, and the research clearly indicated the role of VE in maintaining the immune 
functions in fish in relation to dietary n-3 PUFA (Puangkaew et al., 2004).   
2.7 Conclusions 
The market weight of pigs has risen continuously over the past decades from 113 
kg (1990) to 127 kg (2017); an estimated SLW in 2032 will be over 150 kg based on a 
projection using SLW data from the USDA National Agricultural Statistics Service. The 
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increasing demand for pork has provided the swine industry both opportunities and 
challenges in providing more and more high-quality products. As one of the promising 
solutions, increasing SLW up to 150 kg might come into practice in the near future as 
discussed above. Although previous research suggested the increase in fat deposition, loss 
of feed efficiency and change in pork quality with the increasing SLW, improvements in 
genetic may make a big difference. Research in evaluating the potential of the current 
genetic and outcomes of the heavier SLW including the size of primal cuts, growth curve 
and efficiency would be very necessary.  
On the other hand, the cost pressure caused by the increasing ingredients price has 
driven the producer to explore more and more by-products, such as DDGS, which can 
result in soft pork with potential for oxidative problems. Many attempts have been made 
to solve problems related to a high degree of unsaturation of fat in the diets to prevent 
peroxidation of pork fat; attempts include: 1) Using different fat sources that have high 
SFA content (such as beef tallow and coconut oil) because the changes of the dietary fatty 
acid profile have been massively reported to be able to be expressed in pork. 2) Dietary 
antioxidants supplementation (such as VE). Dietary VE supplementation has been reported 
to elongate shelf life of pork by delaying lipid oxidation. At the same time, various isoforms 
of VE showed wide variation in the deposition, excretion, and biological effects in pigs, 
where γ-tocopherol seems to be incorporated into the tissues with a different efficiency. 
Also, recent studies in beneficial effects of γ-tocopherol in the immune system also indicate 
the promising potential in using VE supplementation as a solution for negative changes in 
pigs caused by oxidative stress from diet or environment. Compared to dietary fatty acid 
profiles manipulation, change in levels or status of the supplementation of VE is 
comparably easier to accomplish and acceptable in the potential cost. At the same time, the 
interaction between VE and fat sources are rarely reported, especially under a long-term 
dietary treatment at heavy SLW beyond 150 kg.     
Therefore, the objective of the current project is to provide proof-of-concept of 
effect of various fat sources on carcass characteristics and meat quality of pigs grown to 
heavy SLW and its potential interaction with the form and level of VE, with an expectation 
of contribution to an increased understanding of performance and health of animals taken 
to heavier SLW, strategies to improve pork quality, and efficiency of fat and VE utilization. 
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The results also have applicability to humans and multiple nonruminant species (including 
companion animals). The potential also exists to provide an improved product for an 
increasingly discriminating consumer. 
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Chapter 3  Effect of Different Fat Sources and Vitamin E Levels on Growth 
Performance, Carcass Characteristics, Fatty Acid Profile, and Meat 
Quality of Pigs Grown to 150 kg 
3.1 Abstract 
The study objective was to assess the contribution of fat source and vitamin E 
supplementation on growth, carcass traits, and pork quality at a heavy slaughter weight 
(149.38 ± 1.56 kg). A total of 64 individually-fed pigs (32 barrows, 32 gilts; 28.41 ± 0.83 
kg) were randomly assigned to 8 dietary treatments in a 4 × 2 factorial arrangement. Fat 
treatments included corn-starch (CS), tallow (TW), corn oil (CO) and coconut oil (CN); 
the corn-starch diet was formulated to equalize presumed daily intake of non-fat 
ingredients to the 5% fat added diets. Vitamin E (VE) supplementation was at 11 and 200 
ppm as α-tocopheryl acetate (ATA). When slaughtered at 150 kg, carcass traits and primal 
cuts were measured, plasma and loin muscles were collected. Data were analyzed for main 
effects and interaction as a complete block factorial arrangement. Interactions between fat 
and VE were observed (P < 0.05) on plasma VE concentration at the end of Phase 2 (50-
75 kg), Phase 3 (75-100 kg), Phase 4 (100-125 kg), and Phase 5 (125-150 kg). Pigs fed 
with CO diet had highest plasma VE concentration (P < 0.05) from Phase 2 to Phase 5 
when supplemented with 11 ppm VE. Plasma VE concentration increased linearly (P < 
0.001) with the increasing time fed with 200 ppm VE, and increased faster (P < 0.05) in 
pigs fed with CN and TW diet compared to pigs fed CS and CO diet when supplemented 
with 200 ppm VE. No difference in ADG, carcass traits, subjective meat quality, shelf life, 
and yield of boston-butt, picnic-shoulder, and spare-rib were observed (P > 0.10). 
Increasing VE level from 11 to 200 ppm improved ham yield (P < 0.05) and plasma VE 
concentration (P < 0.0001), while decreased belly depth (P < 0.05). Increasing dietary VE 
level from 11 to 200 ppm increased (P < 0.001) the tocopherol concentration in both liver 
and loin muscle while no effect of dietary fat sources were observed on VE concentration 
in liver and loin muscle. Pigs from CS group had greater area of loin-muscle than CN and 
CO group (P < 0.05). Belly depth for pigs from CN group was greater than the other fat 
treatments (P < 0.05). The pigs fed with CN diet had the highest lateral flex test (P < 0.05) 
and lowest vertical flex test (P < 0.05). Corresponding to the fatty acid profile in each fat 
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sources, pigs from the CN group had the highest (P < 0.05) total saturated fatty acid content, 
but the lowest (P < 0.05) total polyunsaturated fatty acid (PUFA) content and iodine value 
in the backfat, belly fat and liver. Pigs from the TW group had the highest (P < 0.05) total 
monounsaturated fatty acid (MUFA) content in the backfat, belly fat and liver. Pigs from 
the CO group had higher liver SOD activity (P = 0.03) than the other treatments. Under 
conditions of this study, both dietary fat treatment and VE supplementation affected the 
response measures. 
Keywords: fat, vitamin E, heavy slaughter weight pigs 
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3.2 Introduction 
A question that arises in almost all discussions about the future of agriculture is - 
“how will we feed a growing population in the future?” Currently, the meat of choice 
worldwide would be pork except for those countries that do not eat pork for religious 
reasons. The increasing demand for pork can only be met by increasing the number of pigs 
produced or by increasing slaughter weight (SLW). Given the pressure of total food supply 
on a finite land mass, it is obvious that increased market weights will be a large part of 
meeting the pork demand. While it is relatively easy to slaughter at a heavier weight, there 
has been little research on the nutritional needs of heavier pigs for performance and health 
and of the nutritional regime on size of cuts and ultimate pork quality.  
At the same time, the cost pressure from the increasing price of ingredients has 
driven producers to explore more and more by-products, among which the increasing use 
of distillers dried grains with solubles (DDGS), as high as 30% in the diet, is the biggest 
issue. The high content of unsaturated fatty acids (UFA) present in some by-products like 
DDGS, inclusion of these by-products may alter the dietary fatty acid (FA) profile. The 
increased intake of UFAs can result in soft pork with big potential for oxidative problems 
in both the health of pigs and the resultant pork. If longer periods of feeding high 
polyunsaturated oils happen in the case of increasing SLW in the future, a reduction in pork 
quality and product value might occur.  
Ellis and Hankins (1925) first reported the relationship between dietary fatty acid 
composition and pork carcass firmness, which is now widely accepted that pork carcass fat 
is closely related to dietary fatty acid profile (Kellner et al., 2014; Kellner et al., 2017). It 
is through the fatty acid profile that dietary fat treatments affect the firmness and oxidative 
stability of pork since different fatty acids have different melting points in meat and 
oxidative activity. The oxidative stability of grilled chops and sausages from pigs fed diets 
with 2% rapeseed oil or 1% fish oil diet were lower than those from control pigs fed diets 
with 3% tallow-soybean oil mixture (Leskanich et al., 1997). Corino et al. (2002) supplied 
3% fat supplementation from tallow, corn oil, and rapeseed oil in pigs from 25 to 160 kg, 
the oxidative stability of longissimus lumborum (LL) was lower in pigs fed corn oil 
compared to those fed tallow diet due to the increased content of UFAs in pork (Corino et 
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al., 2002). The TBARS concentration was significantly higher in muscle homogenates 
from pigs fed linseed oil (5%) compared to those from pigs fed olive oil (5%), indicating 
the less oxidative stability of pork fed diets high in UFAs (Nuernberg et al., 2005).  
The ability to be deposited directly or indirectly into different tissues of both VE 
and different fatty acids and the chemical property of UFAs and VE provide a big chance 
for both chemical constituents to counteract each other in tissues. When the susceptibility 
of pork to lipid peroxidation and rancidity increased with high levels of PUFA and degree 
of unsaturation (Mitchaothai et al., 2007; Okrouhlá et al., 2010; Browne et al., 2013a). VE 
may contribute in reducing oxidative stress as an antioxidant, improving the oxidative 
stability of pork and prolonging fresh pork shelf life (Boler et al., 2009). Wang et al. (2012) 
found that supplementation with high levels of VE decreased TBARS value of meat 
produced with high DDGS diet (30% highest ) on 4, 7, 10 and 13 d. Therefore, improving 
dietary VE levels could increase lipid stability of increasing UFAs caused by the change 
in dietary fatty acids (Guo et al., 2006). The study also indicated that the high content of 
UFA in DDGS favored lipid oxidation by increasing PUFA content in the muscle, while 
increased VE slowed the oxidation down (Wang et al., 2012).   
All nutritional responses, good and bad, are a time/dose function, (i.e., length [or 
days] of feeding combined with the level/dose of the supplementation). Predicting the 
impact of current supplementation of pigs marketed at ~ 130 kg to the impact on pigs taken 
to market weights in excess of 150 kg would be speculative. The objective of this project 
was to identify the impact of different dietary fat sources and variable VE supplementation 
to the pigs grown to heavy SLW on pork quality in which potential differences in fat and 
VE response are dependent on the degree of unsaturation of fatty acids, the 
supplementation of different fat sources and the level of dietary VE, and the duration of 
feeding.  
3.3 Experimental procedures 
This experiment was carried out in an environmentally controlled room at the 
University of Kentucky Swine Research Center. The animal slaughter and sample 
collection were performed at the University of Kentucky Meats Science Laboratory. The 
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experiment was conducted under protocols approved by the Institutional Animal Care and 
Use Committee of the University of Kentucky. 
3.3.1 Animals, housing, management, and experimental design 
A total of 64 individually-fed pigs (32 barrows, 32 gilts; 28.41 ± 0.83 kg) were 
selected from the pool of 180 pigs, and blocked by body weight and sex, and then randomly 
assigned to individual pens. Pens were randomly assigned to 1 of the 8 dietary treatments 
in a 4 × 2 factorial arrangement. Fat treatments included corn starch (CS), tallow (TW), 
corn oil (CO) and coconut oil (CN). Vitamin E (VE) supplementation was at 11 ppm (NRC, 
2012) and 200 ppm in the form of DL (all-rac)-α-tocopheryl acetate (ATA, ROVIMIX E 
50 ADS, DSM Nutritional Products, Inc., GA US). As defined in NRC (2012), one IU VE 
equals to 1 mg of DL- α-tocopheryl acetate. 
Pigs were housed in a facility with completely slatted concrete flooring, with solid 
concrete alley in the middle. The room contained 72 pens, of which 64 were used in the 
study. Each pen was equipped with a conventional feeder with lid to reduce feed waste. A 
stainless steel automatic pig nipple water drinker was provided in each individual pen. 
Feeder and drinker were checked daily to assure proper function. Feed troughs were 
cleaned weekly to avoid accumulation of fouled feed in the corner of the feeder. Feed and 
water were provided ad libitum. Pigs were switched to subsequent phase diets according 
to their body weight at the time of weighing each week. 
3.3.2 Experimental diets 
The diets were corn-soybean meal based in mash form and fed for five weight 
phases including 25-50, 50-75, 75-100, 100-125 kg, and 125-150 kg, respectively. All 
experimental diets were formulated to meet or exceed NRC (2012) nutrient requirement 
estimates for grow-finishing pigs. Lysine levels for Phase 4 (100-125) and Phase 5 (125-
150) were calculated with the formula provided by NRC (2012).  Pigs were slaughtered at
~150 kg. The fat inclusion level (5%) was based on the amount of corn oil that might be 
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realized from an aggressive use of DDGS in the finishing diet.  The cornstarch diet was 
formulated to equalize presumed daily intake of non-fat ingredients to the 5% added fat 
diets by controlling the lysine:ME ratio across different treatments. Formulas for each 
phase are listed in Table 3.1. Multiple batches of experimental diets were mixed for each 
phase.  
To prevent differences in non-treatment components of the diets, large quantities 
of the basal diet with different fat sources were mixed, to which different vitamin E 
treatment were then incorporated for each experiment. A basal diet with each of the four 
fat sources was firstly made. Then, each basal diet was divided into 2 fractions. One 
fraction was mixed with a premix to provide 11 IU/kg VE, and the other fraction was mixed 
with a premix to provide 200 IU/kg VE. 
3.3.3 Data and sample collection 
3.3.3.1 Feed sample collection  
This experiment started in February 2017 and ended in August 2017, multiple 
batches of experimental diets were mixed for each phase. Representative samples of corn, 
soybean meal, and mixed feed were collected at the feed mill for every batch of 
experimental diets. Samples were stored at 4 °C until analyzed for concentration of VE, 
fat, crude protein (CP), calcium (Ca), phosphorus (P), and fatty acid profile in each diet for 
verification. 
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Table 3.1 Diet composition of diets with different fat sources and VE levels1 from Phase 1 to Phase 5 (as-fed basis) 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
Ingredient, % CS Fat CS Fat CS Fat CS Fat CS Fat 
Corn 60.08 62.85 66.48 69.55 70.55 73.81 73.64 77.04 76.75 80.30 
Soybean meal, 48% CP 27.24 28.50 21.03 22.00 17.21 18.00 14.34 15.00 11.47 12.00 
Fats2 - 5.00 - 5.00 - 5.00 - 5.00 - 5.00
Corn starch 9.19 - 9.19 - 9.19 - 9.19 - 9.19 -
L-Lysine HCl 0.21 0.22 0.23 0.24 0.20 0.21 0.16 0.17 0.12 0.13
DL-Methionine 0.11 0.12 0.08 0.09 0.04 0.04 0.01 0.01 0.00 0.00
L-Threonine 0.09 0.09 0.08 0.09 0.06 0.06 0.03 0.04 0.02 0.03
Limestone 1.03 1.08 0.95 0.99 0.84 0.88 0.74 0.77 0.65 0.68
Dicalcium phosphate 0.88 0.92 0.79 0.82 0.75 0.78 0.72 0.75 0.62 0.65
Salt 0.48 0.50 0.48 0.50 0.48 0.50 0.48 0.50 0.48 0.50
Vitamin premix3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mineral premix 4 0.14 0.15 0.14 0.15 0.14 0.15 0.14 0.15 0.14 0.15
Choline5 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Santoquin6 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
AB-207 0.48 0.50 0.48 0.50 0.48 0.50 0.48 0.50 0.48 0.50
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Calculated nutrient level, % 
ME, Mcal/kg 3.32 3.47 3.33 3.49 3.34 3.50 3.35 3.50 3.36 3.51 
CP  18.31 19.13 15.87 16.58 14.31 14.94 13.12 13.70 11.96 12.48 
SID Lys 0.99 1.04 0.86 0.90 0.74 0.78 0.64 0.67 0.54 0.56 
SID Lys/ME 2.99 2.99 2.58 2.58 2.22 2.22 1.92 1.92 1.61 1.61 
SID Met 0.37 0.38 0.30 0.32 0.25 0.26 0.20 0.21 0.18 0.19 
SID Cys 0.25 0.26 0.22 0.24 0.21 0.22 0.20 0.21 0.18 0.19 
SID M+C 0.62 0.65 0.53 0.55 0.45 0.47 0.40 0.42 0.37 0.38 
SID Thr 0.64 0.67 0.56 0.58 0.48 0.50 0.42 0.44 0.37 0.39 




Table 3.1 continued 
SID Arg 1.08 1.13 0.90 0.94 0.79 0.82 0.70 0.73 0.62 0.65 
SID His 0.43 0.45 0.37 0.39 0.34 0.35 0.31 0.33 0.29 0.30 
SID Ile 0.66 0.69 0.55 0.58 0.49 0.51 0.44 0.46 0.39 0.41 
SID Leu 1.37 1.43 1.23 1.28 1.14 1.19 1.07 1.12 1.01 1.05 
SID Phe 0.77 0.81 0.66 0.70 0.60 0.62 0.55 0.57 0.50 0.52 
SID Tyr 0.50 0.53 0.43 0.45 0.39 0.40 0.35 0.37 0.32 0.33 
SID P+T 1.28 1.34 1.10 1.15 0.98 1.03 0.90 0.94 0.81 0.85 
SID Val 0.72 0.75 0.62 0.64 0.55 0.58 0.51 0.53 0.46 0.48 
Ca 0.67 0.70 0.59 0.62 0.54 0.56 0.48 0.51 0.42 0.44 
STTD P 0.31 0.32 0.28 0.29 0.26 0.27 0.25 0.26 0.22 0.23 
Total P 0.52 0.54 0.47 0.49 0.45 0.46 0.43 0.45 0.40 0.41 
1 Dietary VE levels (11 and 200 ppm) were applied to each basal diet. 
2 Fat treatment included corn starch, corn oil, tallow and coconut oil.  
3 Supplied the following per kg of diet: 7,000 IU of vitamin A; 1,500 IU of vitamin D3; 2.0 mg of vitamin K; 0.03 mg of vitamin B12. 
7.0 mg of riboflavin; 25.0 mg of pantothenic acid; 20.0 mg of niacin; 1.0 mg of folic acid; 2.5 mg of vitamin B6; 2.0 mg of thiamin; and 
0.15 mg of biotin. 
4 Supplied the following per kg of added fat diet: 50 mg of Mn as manganese hydroxychloride; 100 mg of Fe as ferrous sulfate 
monohydrate; 125 mg of Zn as zinc hydroxychloride; 20 of Cu as tribasic copper chloride; 0.35 mg of I as calcium iodate; and 0.30 mg 
of Se as sodium selenite. 
5 Provided 150 mg per kg of choline to the final diet.  
6 Santoquin (Monsanto, St. Louis, MO) supplied 130 mg/kg ethoxyquin to the final diet. 
7 Clay product from Prince Agri Products, Inc., Quincy IL.  
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3.3.3.2 Growth performance 
Body weight and feed disappearance were recorded biweekly to 108 kg and then 
weekly thereafter to calculate growth performance. Average daily gain (ADG), average 
daily feed intake (ADFI), and Feed/Gain (F/G) were then calculated.  
3.3.3.3 Blood sample collection 
Blood samples from each pig were collected initially and at the end of each phase 
by vena cava puncture. After the blood collection, whole blood was transferred to a 16 × 
100 mm vacutainer tube containing the anticoagulant heparin (Becton, Dickinson and 
Company, Franklin Lakes, NJ) for plasma separation. All blood samples were immediately 
placed on ice and then transported to the laboratory. Plasma samples were obtained by 
centrifugation at 2500 × g for 20 minutes at 4°C; and then aliquoted into 1.5 mL Eppendorf 
Safe-Lock Tubes (Eppendorf North America, Hauppauge, NY), and stored at −80°C until 
analyzed. Analysis of plasma α-tocopherol and antioxidant capacity (SOD) were 
performed. 
3.3.3.4 Ultrasound carcass scans 
To measure backfat thickness and longissimus muscle (LM) depth, ultrasound 
carcass scans were performed a minimum of weekly from 108-150 kg using a real-time 
ultrasound (User’s Manual for AUSKey System; AUSKey System version 2.0; Animal 
Ultrasound Services, Ithaca, NY) by an experienced technician. Each scan was saved as an 
image. The image was then manually measured with an open source software Image J 
(Schneider et al., 2012). LM area, carcass lean percentage, and daily lean gain were then 
calculated for a serial profile of the dynamically-changing carcass characteristics. 
Equations were as provided by the User’s Manual for the AUSKey System (AUSKey 
system version 2.0) adapted to metric units (Jang et al., 2017). Equations were as follows: 
LM area, cm2 = 4.174 + (5.987 × LM depth, cm) 
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Percentage of carcass lean. % = 58.457 – (6.00 × backfat depth, cm) + (1.181 × LM 
depth, cm) 
Carcass daily lean gain was estimated by subtracting the kilograms of initial lean 
for each pig from the kilograms of final lean and then dividing by the number of days in 
the experiment (Jang et al., 2017). The weights of the lean were calculated from the NPPC 
(2000) equations as follows: 
Lean, kg = [0.833 × sex (barrow = 1, gilt = 2) –16.498 × (10th rib backfat, in) + 
5.425 × (10th rib LM area, in2) + (0.291 × liver weight, lb) – 0.534]/2.2 
3.3.3.5 Slaughter, carcass characteristic measurement and organ samples 
Pigs were slaughtered at about 150 kg live weight at the UK meat lab under USDA 
inspection. Pigs to be slaughtered were loaded onto a transport vehicle and then transferred 
to the UK meat lab. Pigs were then slaughtered after a rest of at least 30 minutes. The 
slaughter process included electrical stunning, exsanguination, dehairing, evisceration, and 
carcass washing.  
During the process of slaughter, organs including liver, heart, kidney, spleen, and 
lungs were obtained and their weights recorded. Samples of liver (only left lateral lobe), 
heart, and kidney were collected within 20 minutes after evisceration, bagged with 
moisture barrier bags, flash frozen with liquid nitrogen, and then stored at -80 °C for further 
analysis for tocopherol concentrations, fat content, and FA profiles (liver only). Then, 45 
min pH of loin muscle at the 10th rib and count of ribs were measured in the meat cooler 
with an Accumet 50 pH meter (Fisher Scientific, Fairlawn, NJ, USA).  
Measurements including hot and cold carcass weight, carcass length, backfat depth 
at 4 locations (1st rib, last rib, 10th rib and last lumbar), primal cut weights, depth of belly, 
Longissimus dorsi muscle dimensions, and pH24h were performed according to the 
methods described by McClelland et al. (2012). Briefly, hot carcass weight (HCW) was 
recorded immediately after harvest to calculate dressing percentage [(HCW/BW) × 100)]. 
Following a 24-h chill (4°C), carcass weight, fat depth at the 10th rib, 1st rib, last rib, and 
last lumbar were measured. Carcass length was measured from the anterior edge of the 
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symphysis pubic to the recess of the first rib. In addition, the Boston butt (IMPS #406), 
shoulder picnic (IMPS #405), loin (IMPS #412), and belly (IMPS #408; squared at each 
end) and spare ribs were removed, and weighed individually according to Institutional 
Meat Purchasing Specifications (North American Meat Processors Association, 2010). 
Bellies were then measured for thickness in 6 locations from the shoulder to flank end 
before being boxed, and then frozen (-22°C) until further analyses. Longissimus dorsi 
muscle area (LMA) and 24-hour pH were also measured from the left side of each carcass 
according to methods described by NPPC (2000). The 24-hour pH were measured with an 
Accumet 50 pH meter (Fisher Scientific, Fairlawn, NJ, USA). 
Belly flex was measured to determine belly firmness using an objective flex test 
equipment developed by Rentfrow et al. (2003) as shown in Figure 3.1. The detailed 
procedure for this measurement was previously descripted by Cromwell et al. (2011). 
Briefly, as the spareribs, related cartilage and remaining leaf fat were removed, the bellies 
were squared. The chilled, fresh bellies with the skin on were then centered, fat side down, 
on a 7.5-cm diameter polyvinyl chloride pipe mounted perpendicular to a board marked 
with a 2.54-cm grid matrix. Lateral and vertical flexes were determined from the degree of 
belly flex relative to the grid matrix. A vertical belly flex of zero meant the belly was 
parallel to the floor and completely stiff. A lateral belly flex of 10 cm meant that the belly 
flexed to a point where there was 10 cm between the end of the squared belly and a vertical 
line directly below the center of the supporting polyvinyl chloride pipe. A smaller lateral 
flex and a greater vertical flex indicated a softer, more flexible, belly. The belly flex 
measurements were determined in a room maintained at 7°C. 
3.3.3.6 Tissue sample collection 
After a 24-h cooler chill, fat samples from the 10th rib backfat and the belly area 
even with the 1st rib were taken during the process of primal cut division. These samples 
were used for FA analysis by GC and the calculation of IV value. The fat samples were 
vacuum packaged, and then stored at -80oC until transported to University of Georgia for 
FA profile analysis.   
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Figure 3.1 Apparatus used to quantify belly flex measurements 
The numbers on the vertical and horizontal scales represent units of 2.54 cm. Color version 
available in the online PDF. 
Loin samples were also obtained after finishing the measurements of primal cuts. 
Two 2.54-cm chops of loin sample (around 200 g each) located at the 10th rib were collected, 
vacuum packaged and stored (-22°C) until further analysis for tocopherol concentrations.  
3.3.3.7 Meat quality measurement 
48-hr drip loss
As soon as primal cut measurements were finished, slices of loin muscle (~1.2 cm 
in thickness, and around 100 g) were obtained posterior to the 10th rib location. Drip loss 
was determined by suspending the sample from a hook in darkness, covered with black 
plastic bag, and stored at 4°C for 48 hours. The samples were weighed before and after the 
process, drip loss percentage was determined by the equation: 
Drip loss (48 hours, %) = (Initial weight – 48 hours weight)/Initial weight × 100 
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Subjective meat quality evaluation and objective meat color for shelf life 
Upon the finish of the process for determining primal cuts, another 2.54-cm chop 
of loin sample was cut out from similar position of loin muscle between 7th and 8th rib. The 
loin samples were then placed on foam trays, and overwrapped in Polyvinyl Chloride (PVC) 
film. Subjective color and marbling scores (NPPC, 1999); and subjective firmness were 
then evaluated by a single trained individual. National Pork Producers Council (NPPC) 
color scale (1-5) were used for color evaluation: 1= pale pinkish to white; 5 dark purplish 
red. Similarly, NPPC marbling scale (1-5, percentage fat in the loin muscle), and NPPC 
firmness scale (1-5, 1= very soft; 5 = very firm) were used. Afterwards, trays were then 
placed under fluorescent lighting at 4 °C to mimic retail conditions. Objective color 
measurements were made using a Hunter Lab Miniscan XE Plus colorimeter (Hunter Lab 
Associates, Reston, VA, USA) with the L*, a*, and b* scale at D65 light source, 2.54 cm 
diameter aperture, and 10° standard observer. The instrument was standardized before the 
analysis with black and white tilers that had been overwrapped with PVC film to adjust for 
the PVC cover upon the meat. Spectral reflectance was determined every 10 nm over the 
400-700nm range. Observations were made as soon as the fabrication of carcass was
finished, the meat color measurement was treated as the day 0 meat color. Afterwards, meat 
color was measured at 11:00 AM each day for 1, 2, 3, 4, 5, and 6 days after the fabrication 
of the carcass, the color measurement was then analyzed for shelf life comparison among 
different dietary treatments.  
The a*/b* ratio, hue angle (tan−1(b*/a*)) and chroma (√𝑎∗2 + b∗2) were calculated
to show the development of color from red to yellow. Besides, delta E, total color change 
over a selected period of time, was calculated. Generally calculated as ∆E = [(∆L*)2 + 
(∆a*)2 + (∆b*)2]1/2, this is a useful parameter to show total color differences over time, and 
various periods of time can be selected and compared (Tapp et al., 2011). 
Purge loss 
About 10-cm chops of loin samples posterior of the 10th/11th rib interface 
(Longissimus lumborum) were obtained and weighed prior to being vacuum packaged, 
boxed, and stored under refrigeration (4°C) for 30 days to simulate the period of time 
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between the packing plant and the retail grocery store. LM samples were reweighed on day 
7, 14, and 30 to determine purge loss at each stage to help determine when the majority of 
weight is lost during storage. Each time the samples were weighed, loin muscle samples 
were taken out of the vacuum package, surface water was removed with a paper towel, the 
weight was recorded, and then the loin muscle samples were vacuum packaged again. All 
the sample handling was conducted in a cooler (4°C).  
3.3.4 Sample processing and laboratory analysis 
3.3.4.1 Dietary and fat sources analysis  
Samples of different fat sources were analyzed for FA profile, moisture, free FAs, 
unsaponifiables, and insolubles at the NP Analytical Laboratories (St. Louis, MO). Fat was 
saponified with sodium hydroxide and methyl esters of the fatty acids were formed by 
reaction with boron trifluoride/methanol. Fatty acid methyl esters were then separated by 
GC and the GC peak area percent of each fatty acid methyl ester were calculated as a 
percent of the total area of all fatty acid methyl esters. To determine free fatty acid content 
of the fat, fat was titrated. A portion of extracted fat was dissolved in hot, neutralized 
ethanol. The solution was quickly titrated with standardized sodium hydroxide solution. 
Percent free fatty acids was calculated from the number of equivalents of standardized base 
it took to neutralize the sample, and the molecular weight of the particular acid in which 
terms the results were expressed. Unsaponifiable matter includes substances frequently 
found in fats and oils that cannot be saponified by caustic alkalai but are soluble in ordinary 
fat solvents, including such components as higher aliphatic alcohols, sterols, pigments, 
polymerized fats, and hydrocarbons. To measure unsaponifiable matter, a portion of 
sample was saponified with hot ethanolic potassium hydroxide, after which the digested 
sample was diluted with alcohol and water, and shaken with portions of petroleum ether, 
extracting unsaponified matter that is ether soluble. The ether extract was then rinsed free 
of caustic, taken to dryness, and weighed. The residue was then dissolved in warm, 
neutralized, ethanol (with phenolphthalein indicator), and titrated with dilute sodium 
hydroxide to the phenolphthalein endpoint. The weight of the residue, corrected for weight 
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of fatty acids present (using the mls of titrant it took to achieve the endpoint), was 
calculated as percent unsaponifiable matter.  
Diet samples were analyzed for dry matter (DM), CP (or N x 6.25), Ca, and P for 
mixing verification. Dry matter was assessed according to the AOAC (1990) methods, 
involving overnight drying (105 °C) of the samples in a convection oven (Precision 
Scientific Co., Chicago, IL). Nitrogen was measured using Dumas methodology in an 
automatic nitrogen analyzer (Model FP 2000, LECO Corp., St. Joseph, MI). Around 4 g of 
feed samples were placed in an ash furnace at 550°C for 3 h, and then dissolved in 40 mL 
of 1:3 hydrochloric acid/water on a hot plate that was preheated to 600°C. The solution 
was quantitatively transferred to 250 mL volumetric flask, brought to volume with 
deionized water and mixed thoroughly. Calcium was assessed by flame atomic absorption 
spectrophotometry (Thermoelemental, SOLAAR M5; Thermo Electron Corp., Verona, WI) 
according to a modification of an AOAC (1990) procedure (method 975.03B). Phosphorus 
was assessed by a gravimetric method (modification of method 968.08; AOAC, 1990). 
Dietary VE was determined with a normal phase HPLC system using fluorescence 
detection according to modification of an AOAC (1990) procedure (method 971.30). 
3.3.4.2 Blood parameters 
Superoxide dismutase (SOD) activity was analyzed in the plasma samples collected 
at day 0 and at the end of each phase. Validation for both inter-assay error and intra-assay 
error were carried out before assay for the samples of the study. The assay kits were 
purchased from Cayman (Ann Arbor, MI) and utilize a tetrazolium salt for detection of 
superoxide radicals generated by xanthine oxidase and hypoxanthine, where one unit of 
SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the 
superoxide radical. The SOD assay measurement measured all three types of SOD (Cu/Zn, 
Mn and Fe SOD).   
Antioxidant measurements including SOD activity, malondialdehyde (MDA) 
content, glutathione (GSH), and glutathione disulfide (GSSG) concentration were analyzed 
in the liver. Prior to analysis, around 0.5 grams sample from similar location of liver was 
109 
homogenized with 5 ml cold buffer (50 mM phosphate, pH 6-7, containing 1mM EDTA). 
The sample homogenized was prerinsed with a PBS solution (phosphate buffered saline, 
pH 7.4) to remove any red blood cells and clots.  
Liver SOD activity was measured with the same assay kits used for plasma SOD. 
The content of the lipid peroxidation product MDA was determined using a commercial 
assay kit (Cayman, Ann Arbor, MI) according to the manufacturer’s instruction, which 
used the method of MDA-TBA adduct, where the adduct formed by MDA and TBA under 
high temperature (90-100 °C) is measured colormetrically at a wavelength of 540 nm.  
GSH and GSSG were determined by the same commercial assay kit (Cayman, Ann 
Arbor, MI) using end point method, which utilizes an enzymatic recycling method using 
glutathione reductase. For the analysis of GSH in the supernatant of liver homogenization, 
the supernatant was deproteinized with MPA reagent (0.1 g/ml metaphosphoric acid, 
Sigma-Aldrich, item No. 239275), after which TEAM reagent (4M triethanolamine, 
Sigma-Aldrich, item No. T58300) was added to create an appropriate reaction environment 
for GSH assay. While for the analysis of GSSG, a 1M solution of 2-vinylpyridine (Sigma-
Aldrich, item No. 13229-2) was needed to derivatize GSH firstly before assay reaction.    
3.3.4.3 Analysis of VE concentration in plasma, liver, and loin muscle 
The concentration of VE in plasma, liver, and loin muscle samples was determined 
by high performance liquid chromatography (HPLC) at Veterinary Diagnostic Laboratory 
in Iowa State University. Briefly, VE was extracted from plasma and tissues (liver and 
muscle samples) as described by Zaspel and Csallany (1983). Plasma and tissues extracts 
were injected into an HPLC for tocopherol analysis. Tocopherols were separated by HPLC 
using a reversed-phase LC18-SB column (5 mm, 4.6mm x 150 mm), the mobile phase was 
100% methanol at 1.0 mL/min. Tocopherols were monitored by an UV detector at 280 nm. 
Identification and quantification of tocopherols were accomplished by comparison of 
retention time as well as peak areas with VE standards. The results were expressed in mg 
VE/mL plasma or mg VE/g tissue. 
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3.3.4.4 Fatty acid composition 
Samples were analyzed for FA composition at the University of Georgia (including 
diets, liver, belly fat, and backfat tissues). FA profiles were determined by gas 
chromatography, using a Shimadzu gas chromatograph (Model 14 A, Columbia, MD) with 
a flame ionization detector, the procedure was modified from Park and Goins (1994). 
Approximately 2 g of each non-fat-added diet sample, 1 g of each fat-added diet sample, 
100 mg of each adipose sample, and 2.0 g of liver were used for analysis. After thawing, 
the fat cores of back fat tissues were trimmed free of lean and skin, and separated into the 
outer layer and inner layer of fat. Samples were processed through a 2-step methylation 
procedure. The first step was heating in 0.5 N sodium methoxide in methanol for 30 
minutes at 90 C, followed by the addition of boron trifluoride in methanol and heating for 
another 20 minutes. Methyl esters were then isolated in hexane and at the same time 
anhydrous sodium sulfate was added to remove any residual water. The processed samples 
were stored at 4oC until analyzed. Tridecanoic acid (2 mg/ml in methanol) was used as the 
internal standard. Fatty acid methyl esters were separated on a Phenomenex, ZBWax Plus 
wide-bore capillary column (Phenomonex, Torrance, CA) with nitrogen as the carrier gas. 
Initial column temperature was 160°C which was held for 10 minutes and increased at a 
rate of 5°C /minute to 220°C. Injector temperature was 250°C and detector temperature 
was 260°C. Peaks were identified by comparison of retention times of known standards. 
Quantification was corrected for recovery of the internal standard and is based on the 
reference standard. The minimum detection limit for FAs was set at 0.01%; relative 
percentages of FAs detected below this level were denoted as not detected (ND). The iodine 
value (IV) of fat sources and tissue was calculated using the equation below (Meadus et al., 
2010), which is modified from the recommended method of AOAC.  
IV = (C16:1 × 0.95) + (C18:1 × 0.86) + (C18:2 × 1.732) + (C18:3 × 2.616) + (C20:1 
× 0.795) + (C20:2 × 1.57) + (C20:3 × 2.38) + (C20:4 × 3.19) + (C20:5 × 
4.01) + (C22:4 × 2.93) + (C22:5 × 3.68) + (C22:6 × 4.64) 
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3.3.5 Statistical analysis 
Prior to analyses, all data was evaluated to identify any potential statistical outliers 
according to the test published by Barnett and Lewis (1974). Briefly, if a set of data from 
low to high: XL, X2, ….XH, and the average and standard deviation are calculated, then 
suspected high or low outliers was tested by the following procedure: First, calculate the 
statistic T: T = (XH -Mean)/s for a high value, or T = (XL – Mean)/s for the low value 
(where s refers to the standard deviation). Second, compare the value of T with the value 
from critical values for 95% confidence interval (under condition of this study, the critical 
value is 2.03.) If the calculated T is larger than the critical value for the measurement, then 
the XL or XH is a potential outlier at the level of 5% significance. Potential outliers were 
then evaluated by reviewing study notes for that animal as well as response measures and 
laboratory values for other animals on that particular dietary treatment to determine if the 
value would be excluded from the data set. 
Data analysis were performed in SAS (SAS Inst. Inc., Gary, NC) by least squares 
analysis of variance using the generalized linear model (GLM) as a randomized complete 
block design. The individual pig served as the experimental unit. The initial model used 
was:   
Y = µ + Sl + Bi(l) + Vj + SVlj + BVij(l) + Fk + FSlk+ FBik(l) + VFjk + SVFljk, 
In this equation, the parameters represent: 
Y = response variables (ADG, ADFI, F/G, plasma VE concentration, tissue VE 
concentration, antioxidant measurement, carcass traits, meat quality measurement, 
and fatty acid profile in different tissues) 
µ = overall population mean 
Sl = sex (male or female),  
Bi(l) = block (i=1, 2, 3….8), 
Vj = VE level (11 or 200 ppm),  
Fk = fat sources (CS, TW, CO, or CN).  
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Because some interactions with block or sex were not significant, they were pooled into 
overall residue error, the model was simplified as:  
Y = µ+ Sl + Bi(l) + Vj + Fk + VFjk + SVlj + SFlk + Ɛm(ijkl). 
When interactions between main effects were significant, further contrasts between 
each two treatments were performed to analyze the treatment effects. In addition, plasma 
VE concentrations and shelf life data were also analyzed as repeated measures to determine 
the response trends over time. Regression and contrast were also performed if necessary 
when interactions between time and main effect were observed.  
Statistical differences were established at P ≤ 0.05, tendencies were established at 
P ≤ 0.10. The effect of sex (P ≤ 0.05) is superscripted for each measurement in the data 
table, interactions between sex and treatment effects are also superscripted, three way 
interactions are not reported. In the result tables in this chapter, any P-value greater than 
0.20 was replaced with “-”. 
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3.4 Results  
3.4.1 Fat quality and analyzed nutrient content of the diet 
As shown in Table 3.2, coconut oil had the highest content of SFA and the lowest 
MUFA and PUFA, distiller’s corn oil had the highest content of PUFA and the lowest 
content of SFA, and TW had the highest content of MUFA among the different fat sources. 
A total of 87% of FAs in coconut oil were FAs with less than 18 carbons, which include 
C8, C10, C12, C14, C16, while relatively less C18 FA compared to corn oil and TW. Fatty 
acids in TW were mostly C16, C18, and C18:1, which accounted for ~80% of the total FAs. 
More than a half of the FAs in distiller’s corn oil were C18:2n6 (linoleic), and the three 
FAs including C16, C18:1n9 and C18:2n6 accounted for ~94% of the total FAs.  
The analyzed nutrient levels are presented in Table 3.3. Because of the relatively 
low amount of oil in soybean meal and corn, the basal diet with cornstarch contained ~2.5% 
fat, which made the fat content of the fat-added diets to be around 7.5%. The FA profile of 
different diets is provided in Table 1.4. Because the oil content from the CS treatment was 
mainly the CO from the corn used in the diets, the CS treatment had similar FA profile 
with the CO group. However, the 2.5% basal diet fat altered the FA profile of different 
dietary fat treatments from the specific oil for TW and CN, however the trend of the 
difference in FAs of the diets was still similar to that of the oils themselves. Among the 
four fat treatments, coconut oil group had the highest content of SFA and the lowest MUFA 
and PUFA, distiller’s corn oil group had the highest content of PUFA and the lowest 
content of SFA, the TW group had the highest content of MUFA.  
Regarding the tocopherol content in the diets, the total VE content in the diets was 
different from the calculated level, because of the appearance of VE in fat sources and 
basal diets. As shown in Table 3.4, the analyzed VE in α-tocopheryl acetate form followed 
the added VE as designed. 
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Table 3.2 Characteristics of different fat sources (as is basis) 
Measurements1, % Distiller’s corn oil Tallow Coconut oil 
Moisture < 0.10 0.34 < 0.10 
Free fatty acid  8.37 2.03 < 0.20 
Unsaponifiable Matter 1.90 0.28 0.19 
Insoluble  < 0.10 < 0.10 < 0.10 
Trans Fatty acid 0.11 4.80 < 0.04 
Fatty acid profile, % 
  C6:0 Caproic < 0.10 < 0.10 0.40 
  C8:0 Caprylic < 0.10 < 0.10 6.27 
  C10:0 Capric < 0.10 < 0.10 5.41 
  C12:0 Lauric < 0.10 < 0.10 46.05 
  C14:0 Myristic < 0.10 2.76 19.20 
  C16:0 Palmitic 12.65 23.60 10.10 
  C17:0 Margaric < 0.10 1.33 < 0.10 
  C16:1n7 Palmitoleic 0.12 2.98 < 0.10 
  C18:0 Stearic 1.87 19.25 2.97 
  C18:1n9T Elaidic < 0.10 4.56 < 0.10 
  C18:1n9C Oleic 27.10 35.90 7.63 
  C18:1n7C Vaccenic  0.82 1.37 < 0.10 
  C18:1 other cis isomers < 0.10 0.76 < 0.10 
  C19:0 Nonadecanoic < 0.10 0.25 < 0.10 
  C18:2 Other trans isomers 0.11 0.47 < 0.10 
  C18:2n6 Linoleic 54.60 2.29 1.80 
  C18:3n6 Gamma Linolenic < 0.10 < 0.10 < 0.10 
  C18:3n3 Linolenic 1.35 0.19 < 0.10 
  C20:0 Arachidic 0.37 0.12 < 0.10 
  C20:1n9 cis Eicosenoic  0.25 0.20 < 0.10 
  C20:2n6 Eicosadienoic < 0.10 < 0.10 < 0.10 
  C20:3n6 Homo-Gamma-Linolenic < 0.10 < 0.10 < 0.10 
  C20:5n3 Eicosapentaenoic < 0.10 < 0.10 < 0.10 
  Others 0.19 2.79 0.15 
  Saturated Fatty acids (SFA) 14.80 45.95 85.15 
  Monounsaturated fatty acid (MUFA) 26.95 39.85 6.64 
  Polyunsaturated fatty acid (PUFA) 53.40 2.46 1.55 
Tocopherols, 𝜇g/ml 
  α-tocopherol 136.04 58.93 1.89 
  β-tocopherol LLQ2 7.15 LLQ 
  γ-tocopherol 481.29 365.00 1.19 
  δ-tocopherol 25.26 119.48 0.43 
  Total 642.59 550.56 3.51 
1 Each value for fatty acid profile is average of two samples. 
2 LLQ, lower than the limit of quantification.
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Table 3.3 Analyzed nutrient levels1 of basal diets from Phase 1 to Phase 5 (as-fed basis) 
Fat sources 
Phases Measurements, % CS TW CO CN 
Phase 1 Lipid 2.42 6.94 7.10 6.89 
Crude protein 18.49 18.92 18.44 18.91 
Calcium 0.82 0.79 0.81 0.83 
Phosphorus 0.53 0.55 0.56 0.57 
Phase 2 Lipid 2.53 7.18 6.91 7.07 
Crude protein 15.36 16.42 16.11 15.80 
Calcium 0.62 0.67 0.71 0.71 
Phosphorus 0.49 0.51 0.50 0.47 
Phase 3 Lipid 2.66 7.02 7.62 6.95 
Crude protein 13.26 14.33 13.83 14.49 
Calcium 0.51 0.59 0.65 0.57 
Phosphorus 0.48 0.47 0.49 0.46 
Phase 4 Lipid 2.76 7.44 7.25 7.15 
Crude protein 12.34 13.26 12.85 13.77 
Calcium 0.72 0.59 0.56 0.57 
Phosphorus 0.43 0.47 0.49 0.49 
Phase 5 Lipid 2.59 7.48 6.90 7.32 
Crude protein 11.42 11.43 11.79 11.61 
Calcium 0.49 0.46 0.49 0.47 
Phosphorus 0.42 0.45 0.45 0.45 
1 Each value is average of two samples analyzed in duplicate. CS, corn starch; TW, tallow; 
CO, corn oil; CN, coconut oil. 
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Table 3.4 Fatty acid profile1 and VE content of diets 
VE, ppm: 11 200 
Fat source: CS TW CO CN CS TW CO CN 
Lipid, % 2.65 7.19 7.09 7.19 2.46 7.14 7.20 6.89 
Fatty acid profile, % 
  C6 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.21 
  C8 0.01 0.01 0.00 4.20 0.02 0.01 0.00 4.37 
  C10 0.01 0.03 0.00 3.55 0.01 0.04 0.00 3.70 
  C12 0.08 0.07 0.01 29.32 0.14 0.08 0.01 30.45 
  C14 0.08 1.92 0.06 11.78 0.12 1.91 0.06 12.24 
  C16 14.73 20.70 13.27 11.46 14.74 20.74 13.18 11.84 
  C16:1 0.30 1.98 0.19 0.18 0.26 2.00 0.19 0.19 
  C18 2.06 13.29 2.02 2.56 2.20 13.15 1.98 2.63 
  C17 0.09 0.86 0.08 0.26 0.12 0.86 0.08 0.17 
  C18:1 24.21 36.74 26.79 13.50 24.10 36.57 26.71 11.31 
  C18:2 54.92 21.15 54.67 21.37 54.82 21.58 55.00 21.35 
  C18:3n6 0.06 0.13 0.02 0.00 0.05 0.18 0.05 0.01 
  C18:3n3 2.51 1.00 1.74 0.89 2.57 1.06 1.64 0.92 
  CLA 0.06 0.21 0.06 0.08 0.08 0.23 0.08 0.05 
  C20 0.35 0.22 0.39 0.18 0.33 0.22 0.37 0.19 
  C20:1 0.28 0.39 0.33 0.13 0.28 0.39 0.30 0.13 
  C20:2 0.00 0.06 0.01 0.24 0.00 0.02 0.01 0.17 
  C22 0.14 0.02 0.15 0.02 0.07 0.02 0.12 0.03 
  C24 0.08 0.34 0.14 0.08 0.07 0.07 0.03 0.06 
  ∑SFA 17.64 37.46 16.13 63.63 17.82 37.10 15.98 65.89 
  ∑MUFA 24.79 39.49 27.32 13.87 24.64 39.33 27.21 11.68 
  ∑PUFA 57.55 22.54 56.50 22.58 57.52 23.07 56.77 22.50 
Iodine value 123.26 73.78 122.91 51.72 123.11 74.67 123.20 49.76 
Dietary VE concentration, ppm 
  α-Tocopheryl Acetate 12.89 12.46 12.29 10.65 237.49 224.15 217.26 211.89 
  α-Tocopherol 21.19 31.70 100.51 29.54 33.73 36.10 96.30 37.93 
1 Values are average of diets from 5 phases, each sample was analyzed in duplicate, and the detail is listed in Appendix Table A.1.1 
to Table A.1.5. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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3.4.2 Growth performance 
As shown in table 3.5, no interactions were observed between different fat sources 
and VE supplementation in any individual growth phase. With regard to the main effects 
of VE and fat source, no effects of dietary VE supplementation were detected on ADG 
from Phase 1 to Phase 4, ADFI from Phase 1 to Phase 5, and F/G from Phase 1 to Phase 3. 
Increasing dietary VE supplementation from 11 to 200 ppm tended to increase ADG in 
Phase 5 (P = 0.08), and decreased F/G in Phase 4 (P < 0.05) and Phase 5 (P < 0.05). No 
effects of dietary fat sources were detected on ADG from Phase 1 to Phase 3, ADFI from 
Phase 1 to Phase 2, and F/G in Phase 1. In Phase 5, pigs fed CO diet had greater (P < 0.05) 
ADG than pigs fed CS diet, while neither of them differed from pigs fed CN and TW diets. 
Pigs fed CN diet had lower (P < 0.05) ADFI than pigs fed CS in Phase 3, while neither of 
them differed from pigs fed CO and TW diets. Pigs fed CO diet had higher (P < 0.05) ADFI 
than pigs fed CN and TW diets in Phase 4, while none of them differed from pigs fed CS 
diet. Similarly, pigs fed CO diet had greater (P < 0.05) ADFI than pigs fed CN diet in Phase 
5, neither of them differed with pigs fed CS and TW diets. Pigs fed with fat-added diets 
had significantly lower F/G in Phase 2 -5 (P < 0.05) compared to pigs fed CS diets. The 
F/G from Phase 1 to Phase 4 did not differ among the pigs fed the three fat sources 
including TW, CO, and CN. In Phase 5, pigs fed CN and CO diets had lower (P < 0.05) 
F/G than pigs fed with TW diet.  
For the cumulative growth performance provided in Table 3.6, no interactions 
between fat sources and VE supplementation were detected. No significant effect of VE 
supplementation was detected on ADG, ADFI, and F/G during Phase 1-2 (28-75 kg), Phase 
1-3 (28-100 kg), Phase 1-4 (28-125 kg), and overall (28-150 kg) with the exception of the
observation that increasing VE supplementation from 11 to 200 ppm tended (P = 0.09) to 
reduce the overall F/G. The effect of fat sources on growth performance kept growing with 
elongating period of the study, as indicated by the decreasing P-value after Phase 2. Fat 
sources significantly affected ADG, ADFI and F/G during Phase 1-4 (P < 0.05) and the 
overall Phase 1-5 (P < 0.05). Pigs fed CO had higher (P < 0.05) ADG than pigs fed CN 
and CS diet in both Phase 1-4 and the overall period, and higher (P < 0.05) ADG than pigs 
fed TW diet in the overall period. Pigs fed CS diets had the highest (P < 0.05) cumulative 
118 
ADFI during Phase 1-3, Phase 1-4, and the overall period as would be expected with its 
lower energy content. The ADFI did not differ among the three fat sources. Pigs fed any 
fat-added diet had lower (P < 0.05) F/G compared to pigs fed CS diet during Phase 1-2, 
Phase 1-3, Phase 1-4, and the overall period. There was no significant difference among 
TW, CO and CN on F/G.  
Significant effect of sex was observed on ADG (P < 0.05) during Phase 2, ADFI 
(P < 0.05) during Phase 2and 3, and F/G during Phase 3-5. Difference between barrows 
and gilts started since Phase 2, where tendency of differences was observed on cumulative 
ADFI and F/G, the difference kept growing to be significant (P < 0.05) until Phase 5. 
Barrows had higher (P < 0.05) ADG, ADFI and F/G than gilts (data not shown) during 
each phase respectively where significant sex effect was detected. No interaction between 
sex and main effect was detected on growth performance. 
Regardless of the treatment effect, the body weight increased with age (linear, P < 
0.01); ADG (Quadratic, P < 0.01; highest at Phase 2), ADFI (Quadratic, P < 0.01; plateau 
at Phase 4), and F/G increased (linear, P < 0.01) with body weight.  
3.4.3 Lean growth and fat deposition 
The result of backfat development and lean growth at different body weight 
between 108 and 148 kg is listed in Table 3.7. No interaction between fat sources and VE 
supplementation on lean growth and backfat deposition was detected. Dietary fat sources 
affected lean content of pigs at the weight of 108 kg (P = 0.03) and 148 kg (P = 0.03), 
where pigs fed CS diets had the highest lean content and pigs fed CO diets had the lowest 
lean content among the four fat treatments (P < 0.05). Dietary fat sources also tended to 
affect the backfat depth at the weight of 108 kg (P = 0.06) and 148 kg (P = 0.08). The pigs 
fed CO diets had higher lean growth rate during the phase of 108-125 kg (P = 0.01) 
compared to pigs fed the other diets.  Increasing dietary VE from 11 to 200 ppm did not 
affect lean growth rate or lean content except the tendency of improvement in lean content 
at the weight of 125 kg (P = 0.08). 
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Regardless of the dietary treatment effect, gender displayed continuous effect on 
backfat depth and lean content of pigs throughout the phase of 108-148 kg (data not shown). 
Barrows had larger backfat depth than gilts at weight of 108 kg (P = 0.02), 125 kg (P = 
0.06), and 148 kg (P = 0.01). Barrows had lower lean content than gilts at the weight of 
108 kg (P = 0.02), 125 kg (P = 0.06), and 148 kg (P = 0.01). Backfat depth, loin depth and 
loin area of pigs of both gender increased (linear and quadratic, P < 0.01) with body weight, 
while lean content decreased (linear and quadratic, P < 0.01) with body weight. The lean 
growth rate during the phase of 125-148 kg was lower (P < 0.01) than the phase of 108-
125 kg.  
3.4.4 Carcass traits 
The result of carcass traits is provided in Table 3.8. No interactions between fat 
sources and VE supplementation on carcass traits were detected except for last rib backfat 
depth. There were no significant differences in SLW, HCW, CCW, dressing percentage, 
shrink loss, pH45min, pH24h and carcass length among different treatments. No significant 
effects of dietary fat sources were detected on these same carcass traits. Increasing dietary 
VE from 11 to 200 ppm tended to increase pH45min (P = 0.09) and ΔpH (P = 0.09), but 
did not affect the final carcass pH at 24h after slaughter. Backfat depth, belly fat depth, loin 
muscle dimension, and loin muscle area differed (P < 0.05) among pigs from different fat 
treatments but not different VE treatments, as shown in Table 3.7. Pigs fed CO diet had 
greater backfat depth at 10th rib (P < 0.05) and last lumbar (P < 0.05) compared to pigs fed 
CS diet, while neither of them differed with pigs fed CN and TW diets. Pigs fed CN diet 
had greater belly fat depth (P < 0.05) compared to pigs fed CS, TW, and CO diets.  
Loin muscle measurements showed a reverse trend from the fat measures. Pigs fed 
CS diet had greatest loin muscle area (P < 0.05), vertical (P < 0.05) and horizontal (P < 
0.05) diameter, while pigs fed the CO diets had the lowest. Pigs fed CN diet also had lower 
loin muscle area (P < 0.05) compared to pigs fed CS diet, while not different from pigs fed 
TW or CO diets. Vertical and horizontal diameter of loin muscle from pigs fed the CN and 
TW diets did not differ from pigs fed CS or CO diets. 
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Significant sex effects were observed on dressing percentage, backfat depth at last 
rib, 10th rib, and last lumbar. Barrows had higher (P < 0.05) dressing percentage and backfat 
depth (P < 0.05) than gilts (data not shown). An interaction between sex and dietary VE 
was observed on loin muscle area (P < 0.05), wherein the gilts had greater area than 
barrows when pigs were fed 200 ppm but not 11 ppm dietary VE. 
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Table 3.5 Effect of different fat sources and VE supplementation on growth performance1 of pigs during each phase 
VE, ppm: 11 200 SE P-valueFat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Body weight, kg 
  Initial 28.35 27.73 28.58 28.24 28.41 28.12 28.58 28.41 0.27 - - - 
  Phase 1 50.80 51.84 52.56 51.48 52.49 52.55 50.18 51.48 0.81 - - - 
  Phase 2 74.56 74.65 74.79 74.84 74.28 75.17 75.86 76.32 0.80 - - - 
  Phase 3 97.75 100.44 99.34 98.94 101.38 99.73 98.94 100.53 0.78 0.08 - 0.03
  Phase 4 124.34 124.44 126.68 123.51 124.28 125.32 124.93 123.21 0.74 - 0.03 -
  Phase 5 145.02 145.07 148.91 144.70 147.70 147.87 148.84 147.36 1.58 0.09 0.20 - 
Average daily gain, kg/d 
  Phase 1 1.03 1.05 1.10 1.07 1.02 1.07 1.10 1.07 0.04 - - - 
  Phase 2S 1.05 1.05 1.11 1.07 1.02 1.03 1.05 1.10 0.04 - - - 
  Phase 3 1.05 1.01 1.09 0.96 1.07 1.12 1.08 1.03 0.05 - - - 
  Phase 4 0.92 0.92 1.13 0.91 0.94 1.01 1.08 1.04 0.06 - 0.01 - 
  Phase 5 0.72 0.71 0.93 0.84 0.80 0.89 0.93 0.86 0.06 0.08 0.02 - 
Average daily feed intake, kg/d 
  Phase 1 2.16 2.02 2.13 2.20 2.14 2.07 2.15 2.10 0.06 - - - 
  Phase 2S 2.64 2.39 2.54 2.48 2.60 2.46 2.50 2.54 0.08 - - - 
  Phase 3S 3.06 2.71 2.93 2.69 3.10 2.84 2.88 2.82 0.12 - 0.06 - 
  Phase 4 3.00 2.80 3.09 2.73 2.96 2.76 2.96 2.89 0.11 - 0.07 - 
  Phase 5 2.92 2.65 3.09 2.61 3.04 2.93 2.95 2.87 0.14 - - - 
Feed/Gain 
  Phase 1 2.11 1.93 1.94 2.06 2.09 1.95 1.97 1.98 0.07 - - - 
  Phase 2 2.53 2.29 2.28 2.32 2.56 2.39 2.38 2.32 0.07 - < 0.01 - 
  Phase 3S 2.93 2.71 2.69 2.82 2.91 2.55 2.66 2.74 0.09 - 0.02 - 
  Phase 4S 3.25 3.10 2.76 3.09 3.17 2.76 2.74 2.82 0.11 0.04 < 0.01 - 
  Phase 5S 4.09 3.92 3.35 3.14 3.82 3.31 3.20 3.26 0.15 0.04 <0.01 0.08 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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Table 3.6 Effect of different fat sources and VE supplementation on cumulative growth performance1 of pigs from 28 to 150 kg 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Average daily gain, kg/d 
   Phase 1 1.03 1.05 1.10 1.07 1.02 1.07 1.10 1.07 0.04 - - - 
   Phase 1-2 1.04 1.05 1.11 1.07 1.04 1.05 1.07 1.08 0.03 - - - 
   Phase 1-3 1.04 1.03 1.10 1.03 1.05 1.07 1.07 1.07 0.03 - - - 
   Phase 1-4 1.00 1.01 1.12 1.00 1.02 1.05 1.09 1.06 0.04 - 0.04 - 
   Phase 1-5 0.95 0.93 1.08 0.96 0.96 1.01 1.05 1.01 0.04 - 0.02 - 
Average feed intake, kg/d 
   Phase 1 2.16 2.02 2.13 2.20 2.14 2.07 2.15 2.10 0.06 - - - 
   Phase 1-2S 2.40 2.20 2.32 2.34 2.36 2.26 2.34 2.33 0.06 - - - 
   Phase 1-3S 2.61 2.38 2.53 2.47 2.63 2.45 2.50 2.50 0.06 - 0.08 - 
   Phase 1-4S 2.73 2.52 2.72 2.54 2.71 2.52 2.64 2.59 0.07 - 0.02 - 
   Phase 1-5S 2.82 2.54 2.80 2.55 2.79 2.61 2.71 2.66 0.08 - 0.03 - 
Feed/Gain 
   Phase 1 2.11 1.93 1.94 2.06 2.09 1.95 1.97 1.98 0.07 - - - 
   Phase 1-2 2.32 2.11 2.10 2.19 2.29 2.16 2.19 2.16 0.05 - 0.01 - 
   Phase 1-3 2.52 2.32 2.31 2.40 2.52 2.29 2.34 2.35 0.05 - < 0.01 - 
   Phase 1-4S 2.72 2.51 2.43 2.57 2.67 2.41 2.41 2.46 0.06 - < 0.01 - 
   Phase 1-5S 2.98 2.75 2.60 2.68 2.90 2.58 2.58 2.60 0.06 0.09 <0.01 - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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Table 3.7 Effect of different fat sources and VE supplementation on backfat depth and lean growth of pigs at different weight1 
VE, ppm: 11 200 
SE 
P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Body weight, kg 107.39 107.69 108.96 108.01 107.51 108.14 108.29 108.90 0.90 - - - 
  Backfat, mmS 11.81 12.91 17.64 13.59 12.46 13.86 13.59 13.97 1.26 - 0.06 - 
  Loin depth, mm 57.35 55.45 55.22 55.85 55.87 59.89 52.92 55.21 1.89 - - - 
  Loin area, cm2 38.51 37.37 37.24 37.61 37.62 40.03 35.86 37.23 1.13 - - - 
  Lean, %S 58.15 57.26 54.40 56.90 57.58 57.21 56.55 56.60 0.80 - 0.03 - 
Body weight, kg 124.35 125.90 126.38 123.67 124.28 125.33 125.20 124.58 0.88 - - - 
  Backfat, mm 15.93 16.35 19.81 16.10 14.68 15.20 14.80 16.58 1.04 0.02 - 0.07
  Loin depth, mm 63.45 62.99 61.23 60.78 61.24 62.15 59.42 60.06 2.10 - - -
  Loin area, cm2 42.16 41.88 40.83 40.57 40.84 41.38 39.75 40.13 1.26 - - - 
  Lean, % 56.39 56.08 53.80 55.97 56.88 56.68 56.60 55.60 0.72 0.08 - - 
Body weight, kg 147.19 146.19 148.84 147.87 147.87 148.58 149.86 147.08 1.28 - - - 
  Backfat, mmS 17.82 19.56 24.45 20.12 18.85 19.20 19.72 20.39 1.48 - 0.08 - 
  Loin depth, mm 71.42 68.91 68.24 69.02 70.46 69.83 66.37 69.57 2.27 - - - 
  Loin area, cm2 46.94 45.43 45.03 45.50 46.36 45.98 43.91 45.83 1.36 - - - 
  Lean, %S 56.20 54.86 51.85 54.54 55.47 55.18 54.46 54.44 0.89 - 0.03 - 
Lean growth rate during different weight range, g/day3 
108-125 kg 277.99 263.85 345.15 277.47 293.09 255.09 390.45 307.17 29.85 - 0.01 - 
125-148 kg 248.04 220.95 271.92 262.28 261.85 281.25 272.15 297.31 37.95 - - - 
108-148 kg 263.88 239.69 298.33 271.75 276.66 274.40 314.60 294.95 20.72 - - - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
2 Loin area is calculated with loin area = 4.174 + (5.987 × loin depth).  
3 Significant body weight effect, P < 0.05.  
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Table 3.8 Effect of different fat sources and VE supplementation on carcass traits1 of pigs 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
SLW, kg 146.38 147.61 150.99 148.00 149.29 149.46 150.82 149.35 1.43 - - - 
HCW, kg 112.81 113.82 116.43 113.43 114.28 115.86 115.41 115.50 1.22 - - - 
CCW, kg 110.42 111.32 114.03 110.90 111.90 113.36 112.83 112.75 1.21 - - - 
Dressing, %S 77.11 77.12 77.10 76.62 76.55 77.52 76.51 77.36 0.46 - - - 
Shrink loss, % 2.13 2.19 2.07 2.23 2.08 2.15 2.24 2.38 0.08 - 0.15 - 
45-min pH 6.19 6.24 6.23 6.14 6.31 6.46 6.13 6.28 0.08 0.09 - - 
24-hour pH 5.70 5.60 5.77 5.61 5.69 5.64 5.65 5.65 0.05 - - - 
ΔpH 0.49 0.64 0.46 0.53 0.62 0.82 0.48 0.63 0.09 0.09 - - 
Carcass length, cm 84.69 84.67 82.25 83.77 83.38 84.14 84.26 85.22 0.33 - - 0.15 
Back fat depth, cm
  First rib 4.34 4.75 4.65 4.65 4.39 4.62 5.18 5.33 0.32 - - - 
  Last ribS 3.56 3.15 3.99 3.12 3.07 3.76 3.12 3.51 0.2 - - < 0.01 
  10th ribS 3.12 3.48 4.09 3.4 3.07 3.33 3.45 3.53 0.2 - 0.02 - 
  Last lumbarS 2.29 2.44 3.12 2.54 2.41 2.82 2.84 2.77 0.18 - 0.02 - 
Belly depth, cm 5.49 5.44 5.16 5.94 5.21 4.88 4.93 5.79 0.17 0.03 < 0.01 - 
Loin muscle dimension2, cm 
  Vertical 7.9 7.24 7.16 7.21 7.77 7.29 6.35 7.26 0.26 - < 0.01 - 
  Horizontal 10.9 10.52 10.26 10.34 10.59 10.34 9.93 10.13 0.23 0.15 0.04 - 
  Area3, cm2 65.29 60.39 58.77 58.71 62.84 60.45 54.52 58.65 2.30 -G 0.01 - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05; G significant interaction with sex, P < 0.05. CS, corn starch; TW, 
tallow; CO, corn oil; CN, coconut oil. 
2 Vertical distance refers to depth vertical to the 10th rib; Horizontal distance refers to width horizontal to the 10th ribs.  
3 Area was measured directly with a plastic standard grid as described by NPPC (2000).   
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3.4.5 Organ size and primal cut 
As shown in Table 3.9, no interactions between fat and VE were observed on 
absolute organ weight or relative organ weight, neither was an effect of dietary fat source 
observed. Increasing dietary VE increased liver size in both absolute weight (P = 0.05) and 
relative weight (P = 0.04).  
Results for primal cuts are listed in Table 1.9. Pigs fed the CO diet tended to have 
greater absolute belly weight (P = 0.08). Other than that, no effect of fat sources was 
observed on primal cut. An interaction between fat sources and VE supplementation was 
observed on Boston butt in both absolute weight (P = 0.06) and relative weight (P = 0.05). 
When 200 ppm VE was supplemented in the diet, pigs fed TW diet had the highest (P < 
0.05) absolute and relative weight of Boston butt, and pigs fed CS diet had the lowest (P < 
0.05), while neither of them differed with pigs fed CO and CN diets. There was no 
difference among pigs fed different fats when pigs were fed 11 ppm VE. Pigs fed diets with 
200 ppm VE had more ham weight (P = 0.02), and tended to have more relative weight of 
picnic shoulder (P = 0.07) and ham (P = 0.06) than pigs fed diets with 11 ppm VE. 
Significant sex effects were observed on both absolute weight (P < 0.05) and 
relative weight (P < 0.05) of liver, wherein gilts had higher absolute weight and relative 
weight of liver than barrows (data not shown). No interaction between sex and main effect 
was observed on organ weight, but was observed on primal cuts. There was a significant 
interaction between sex and fat on both absolute weight (P < 0.05) and relative weight  (P 
< 0.05) of Boston butt, wherein gilts fed TW diets had the highest yield while gilts fed CS 
diets had the lowest yield among pigs fed different dietary fat sources (data not shown). 
Besides, there was a significant interaction between sex and VE supplementation on 
relative weight of ham (P < 0.05), wherein barrows fed diets with 11 ppm VE had less 
relative weight of ham than barrows fed 200 ppm dietary VE and all gilts.  
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Table 3.9 Effect of different fat sources and VE supplementation on organ size1 of pigs 
VE, ppm: 11  200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Absolute organ weight, g 
  LiverS 1453 1455 1505 1552 1601 1576 1652 1545 68 0.05 - - 
  Kidney 337 322 342 317 322 329 353 348 19 - - - 
  Heart 483 412 443 479 461 439 474 458 20 - 0.16 - 
  Lung 887 913 771 946 867 760 883 922 77 - - - 
  Spleen 176 195 159 177 183 170 180 158 11 - - - 
Relative organ weight, % of body weight 
  LiverS 0.99 0.98 0.99 1.05 1.07 1.05 1.10 1.03 0.04 0.04 - - 
  Kidney 0.23 0.22 0.23 0.21 0.22 0.22 0.23 0.23 0.01 - - - 
  Heart 0.33 0.28 0.29 0.32 0.31 0.29 0.31 0.31 0.01 - 0.09 - 
  Lung 0.61 0.62 0.51 0.64 0.58 0.51 0.58 0.62 0.05 - - - 
  Spleen 0.12 0.13 0.11 0.12 0.12 0.11 0.12 0.11 0.01 - - - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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Table 3.10 Effect of different fat sources and VE supplementation on primal cut1 of pigs 
VE, ppm: 11  200 
SE 
P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Absolute primal cut, kg 
  Boston butt 4.76 4.63 4.81 4.61 4.42 5.00 4.71 4.56 0.15 - -G 0.06 
  Picnic shoulder 5.82 6.01 5.9 5.86 5.55 5.58 5.85 5.92 0.19 0.17 - - 
  Loin 13.63 13.05 12.77 13.44 13.78 13.03 13.59 13.7 0.39 - - - 
  Spare rib 1.84 1.81 1.86 1.81 1.85 1.81 1.85 1.95 0.06 - - - 
  Ham 11.89 12.27 12.67 12.36 13.43 13.16 12.66 12.63 0.41 0.02 - - 
  Belly 8.46 8.55 9.77 8.65 8.85 9.05 9.16 9.01 0.30 - 0.08 - 
Relative primal cut, % live weight 
  Boston butt 3.24 3.13 3.19 3.12 2.96 3.35 3.12 3.05 0.09 - -G 0.05 
  Picnic shoulder 3.97 4.08 3.9 3.96 3.72 3.73 3.88 3.96 0.12 0.07 - - 
  Loin 9.28 8.84 8.48 9.08 9.23 8.72 9.02 9.18 0.25 - 0.13 - 
  Spare rib 1.26 1.23 1.23 1.22 1.24 1.21 1.22 1.31 0.04 - - - 
  Ham 8.12 8.33 8.39 8.36 8.99 8.81 8.39 8.46 0.29 0.06G - - 
  Belly 5.77 5.78 6.46 5.84 5.93 6.06 6.07 6.04 0.18 - 0.16 - 
1 Values are average of 8 replicates; data is only based on the right side carcass. G Significant interaction with sex, P < 0.05. CS, corn 
starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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3.4.6 Plasma and tissue VE concentration 
Table 3.11 shows the effect of different fat sources and VE supplementation on VE 
concentration in plasma and tissue. Interactions between fat and VE were observed on 
plasma VE concentration at the end of Phase 1 (28-50 kg; P = 0.10), Phase 2 (50-75 kg; P 
= 0.01), Phase 3 (75-100 kg; P = 0.003), Phase 4 (100-125 kg; P = 0.01), and Phase 5 (125-
150 kg; P = 0.004), but not in tissue tocopherol concentrations. Significant effects of 
dietary VE supplementation (P < 0.001) were detected on VE concentration in plasma at 
the end of Phase 1, Phase 2, Phase 3, Phase 4, and Phase 5. Significant effects of dietary 
fat sources were observed on VE concentration in plasma at the end of Phase 2 (P = 0.05), 
Phase 3 (P < 0.001), Phase 4 (P = 0.001, and Phase 5 (P < 0.01). Pigs fed CO diet had 
highest plasma VE concentration (P < 0.05) from Phase 1 to Phase 5 when supplemented 
with 11 ppm VE. Plasma VE concentration increased linearly (P < 0.001) with increasing 
time of feeding the 200 ppm VE diets; it increased faster (P < 0.05) in pigs fed CN and TW 
diet compared to pigs fed CS and CO diet when supplemented with 200 ppm VE. 
No effect of dietary fat sources were observed on VE concentration in liver and loin 
muscle at slaughter. Increasing dietary VE supplementation from 11 to 200 ppm increased 
VE concentration in liver (P < 0.001) by 4.7 times and increased VE concentration in loin 
muscle (P < 0.001) by 2.1 times.  
3.4.7 Fatty acid profile 
3.4.7.1 Intake of different fatty acids 
As shown in Table 3.12, the intake of different FAs followed the general trend of 
the fat treatments. Among different fat treatments, pigs fed CN diets had highest intake of 
SFA (P < 0.05) including C10 (P < 0.05), C12 (P < 0.05), and C14 (P < 0.05); pigs fed 
TW diets had highest intake of MUFA (P < 0.05) including C16:1 (P < 0.05), C18:1 (P < 
0.05), and C20:1 (P < 0.05); and pigs fed CO diets had the highest intake of PUFA (P < 
0.05) including C18:2 (P < 0.05) and C18:3n3 (P < 0.05).  
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Besides, corresponding to the fatty acid profile in each fat sources, among pigs with 
different fat treatments: pigs fed TW diets also had the highest intake of C16 (P < 0.05), 
C17 (P < 0.05), C18 (P < 0.05), C18:3n6 (P < 0.05), and CLA (P < 0.05); pigs fed CO 
diets had the highest intake of C20 (P < 0.05) and C22 (P < 0.05); pigs fed CS diets had 
the lowest intake of lipid (P < 0.05) including all the fatty acids except C10 and C12.  
Due to the significant sex effect on ADFI, the intake of most FAs was significantly 
different between barrows and gilts (P < 0.05) except C16:1 (P = 0.07) and C22 (P = 0.08) 
where tendency was detected. Interaction between sex and fat was also detected on FAs 
with a chain length below 14 (P < 0.05). Following the difference in ADFI, barrows had 
higher intake of these fatty acids than gilts, while the magnitude of the difference was 
dependent on the fat sources.  
3.4.7.2 Fatty acid profile in the backfat 
Table 3.13 shows the effects of dietary VE supplementation and fat sources FA 
profile in the backfat. No interactions between dietary VE supplementation and fat sources 
were observed on fatty acid profile in the backfat at slaughter except C20:4. As expected, 
differences (P < 0.001) were detected among pigs fed dietary fat sources on all the FAs 
analyzed, wherein pigs fed CN diets had most SFA (P < 0.05) including C12 (P < 0.05), 
C14 (P < 0.05), and C16 (P < 0.05), pigs fed CO diets had most PUFA (P < 0.05) including 
C18:2 (P < 0.05), C18:3n3 (P < 0.05), C20:2 (P < 0.05), and C20:4 (P < 0.05), and pigs 
fed TW diets had most MUFA (P < 0.05) especially C18:1 (P < 0.05) in the backfat. 
However, contrary to the total FA intake, pigs fed CN diets had most C16:1 (P < 0.05) and 
pigs fed CS diets had most C18 (P < 0.05) among different fat treatments. 
The VE supplementation only affected concentration of C16:1 (P = 0.03), C18 (P 
= 0.04), and C20 (P = 0.01) in the backfat, where the concentration of C16:1 increased and 
the concentration of C18 and C20 decreased with increasing dietary VE from 11 to 200 
ppm. A tendency of increase in CLA (P = 0.08) content in the backfat was also detected 
with the increasing dietary VE.  
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Sex affected the FA profile of backfat in the content of C20 and C20:4. In the 
backfat, gilts has more C20:4 (P < 0.05) while less C20 (P < 0.05) than barrows. Interaction 
between sex and fat sources was observed on content of C18:2 (P < 0.05) and C20:2 (P < 
0.05), and as a result PUFA (P < 0.05) and IV (P < 0.05) in the backfat, wherein gilts had 
more (P < 0.05) C18:2, C20:2, PUFA, and IV than barrows when they were fed CO diets 
but not other diets. No interaction between sex and VE supplementation was observed on 
FA profile in the backfat. 
3.4.7.3 Fatty acid profile in the belly fat 
As shown in Table 3.14, the FA profile of belly fat was affected by dietary treatment 
in a similar manner to what happened in the backfat, although the concentration of most 
FAs was different (Table 3.15; P < 0.05) from those of backfat. No interactions between 
dietary VE supplementation and fat sources were observed on FA profile in the belly fat at 
slaughter except C16:1. As expected, differences (P < 0.05) were detected among pigs fed 
dietary fat sources on all the FAs analyzed, wherein pigs fed CN diets had most SFA (P < 
0.05) including C12 (P < 0.05), C14 (P < 0.05), and C16 (P < 0.05), pigs fed CO diets had 
most PUFA (P < 0.05) including C18:2 (P < 0.05), C18:3n3 (P < 0.05), C20:2 (P < 0.05), 
and C20:4 (P < 0.05), and pigs fed TW diets had most MUFA (P < 0.05) especially C18:1 
(P < 0.05) in the belly fat. Again, different from the total FA intake, pigs fed CN diets had 
the most C16:1 (P < 0.05) and pigs fed CS diets had most C18 (P < 0.05) among different 
fat treatments. The VE supplementation only affected concentration of C16:1 (P = 0.03) 
and C20 (P = 0.01) in the belly fat, wherein the concentration of C16:1 increased and the 
concentration of C20 decreased with the increasing dietary VE from 11 to 200 ppm. A 
tendency of increase in CLA (P = 0.06) content and decrease in C18 (P = 0.09) content in 
the belly fat was also detected with the increasing dietary VE.  
Sex affected the FA profile of belly fat in the content of C17 and C20:4. Similarly, 
in the belly fat, gilts had more (P < 0.05) C17 and C20:4 than barrows. Interaction between 
sex and fat was detected on C12, CLA, and C20:2 in belly fat. Gilts had more (P < 0.05) 
C12 than barrows when they were fed CN diets, more CLA (P < 0.05) when they fed TW 
diets, and more C20:2 (P < 0.05) when they were fed CO diets but not when they fed other 
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diets in each case. No interaction between sex and VE supplementation was observed on 
FA profile in belly fat.  
The overall fatty acid profile (except C10) in the belly fat was different from that 
of backfat. Generally, compared to the backfat, belly fat had higher content of MUFA (P 
< 0.01) and IV (P < 0.01), while lower content of SFA (P < 0.01) and PUFA (P < 0.01). 
As shown in Table 3.15, the concentration of all the SFAs including C12 (P < 0.01), C14 
(P < 0.01), C16 (P < 0.01), C17 (P < 0.01), C18 (P < 0.01), and C20 (P < 0.01), and most 
PUFAs including C18:2 (P < 0.01), C18:3n3 (P < 0.01), CLA (P = 0.01) was lower in the 
belly fat than the back fat. However, the concentration of all the MUFAs including C16:1 
(P < 0.01), C18:1 (P < 0.01), C20:1 (P < 0.01), and some minor PUFAs including C18:3n6 
(P < 0.01), C20:2 (P < 0.01), C20:4 (P < 0.01) was higher in the belly fat than back fat. 
The interaction on the content of SFA (P = 0.02), MUFA (P = 0.03), PUFA (P < 0.01), and 
IV (P < 0.01) between oil and position indicated the different response to dietary fat 
treatment in backfat and belly fat. The general trend of the change in these fatty acids in 
response to dietary fat treatments in both backfat and belly fat followed the similar 
principal but in a different magnitude. The fatty acid profile in the backfat might be more 
sensitive to dietary treatment than that of the belly fat. For example, when switching dietary 
fat from coconut oil to corn oil, the SFA decreased by 29.8% in the backfat while 27.3% 
in the belly fat, the PUFA content and IV increased by 190.6 and 56.0 % in the backfat 
while 176.4 and 43.3% in the belly fat, respectively. Similarly, when switching dietary fat 
sources from corn oil to TW, the MUFA content increased by 30.2% in the backfat while 
20.6% in the belly fat.  
3.4.7.4 Fatty acid profile in the liver 
As shown in Table 3.16, the only interactions between dietary VE supplementation 
and fat sources on FA profile observed in the liver at slaughter were for C18, C18:2, and 
C22:5. Partly corresponding to the intake of FAs, but not completely, differences (P < 0.05) 
were detected among pigs fed dietary fat sources on most FAs except C18, C18:3n3, CLA, 
C20:4, and C22. Although total fat intake of pigs increased by more than 2.4 times in fat-
added groups compared to pigs from the CS group, the fat content in the liver did not differ. 
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The VE supplementation only affected concentration of C17 (P = 0.01) and C18 (P = 0.03), 
wherein increasing dietary VE from 11 to 200 ppm increased concentration of C17 (P = 
0.01), while decreased concentration of C18 (P = 0.03).  
With regard to fat sources, corresponding to the general trend of dietary fat 
treatment, pigs fed CN diet have highest content of SFA (P < 0.05), pigs fed CO diet had 
the highest content of PUFA (P < 0.05) and IV (P < 0.05), and pigs fed TW diet had the 
highest content of MUFA (P < 0.05) in the liver. In detail, as shown in Table 1.17, in liver 
of pigs fed various fat sources, there was highest content of SFAs including C12 (P < 0.05), 
C14 (P < 0.05), and C16 (P < 0.05), and C20:5 (P < 0.05) in pigs fed CN diet, there was 
highest content of PUFAs including C18:2 (P < 0.05), C18:3n6 (P < 0.05), and C20:2(P < 
0.05) in pigs fed CO diet, and there was highest content of MUFAs including C16:1 (P < 
0.05), C18:1 (P < 0.05), and C20:1 (P < 0.05) in the TW diet. Additionally, fat 
supplementation reduced concentration of synthesized unsaturated long chain FAs 
including C22:4, C22:5, and C22:6 in the liver compared to that of pigs fed CS diet. 
Compared to pigs fed CS diet, there was less (P < 0.05) C22:4 in livers of pigs fed CO and 
TW diet, there was less (P < 0.05) C22:5 in livers of pigs fed CO, CN, and TW diet, and 
there was less (P < 0.05) C22:6 in livers of pigs fed CO diet. 
A significant interaction between sex and fat was observed on C16 (P < 0.05) 
content in the liver wherein gilts fed CN diets has the most C16 compared to gilts fed other 
diets while barrows fed CS diets had the most C16 compared barrows fed other diets. Other 
than that, no effect of sex was detected on the FA profile in the liver. 
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Table 3.11 Effect of different fat sources and VE supplementation on VE concentration1 in plasma and tissue 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Plasma, ppm2 
  Day 0S 2.20 2.28 2.00 1.93 2.18 2.10 2.33 2.39 0.16 0.19 - 0.16
  Phase 1 1.16 1.29 1.93 1.10 3.44 4.19 3.85 4.10 0.24 < 0.01 0.10 0.10
  Phase 2 0.95 1.10 1.66 0.94 2.91 4.16 3.31 4.23 0.26 < 0.01 0.05 0.01
  Phase 3 1.43 1.89 2.70 1.83 3.75 4.94 4.56 6.00 0.28 < 0.01 < 0.01 < 0.01
  Phase 4 1.24 1.56 2.34 2.14 4.13 5.46 4.53 6.61 0.32 < 0.01 < 0.01 0.01
  Phase 5 1.44 2.06 2.46 1.79 4.35 5.63 4.43 5.71 0.27 < 0.01 < 0.01 < 0.01
Tissue, ppm wet tissue
  Liver 3.40 4.40 6.31 3.20 18.45 19.90 20.09 23.36 1.38 < 0.01 0.12G - 
  Loin muscle 1.30 1.39 1.33 1.04 2.71 2.73 2.43 2.90 0.16 < 0.01 - 0.10
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05; G Significant interaction with sex, P < 0.05. CS, corn starch; TW, 
tallow; CO, corn oil; CN, coconut oil. 
2 Time effect: linear, P < 0.0001. Interaction between VE and time, P < 0.0001; interaction between fat and time, P < 0.01.  
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Table 3.12 Effect of different fat sources and VE supplementation on intake1 of individual fatty acid in pigs from 28 to 150 kg 
VE, ppm: 11 200 SE P-valueFat source: CS T CO CN CS T CO CN VE Fat VE*Fat 
Lipid, kg 9.20 23.00 22.17 22.26 8.51 22.05 22.25 21.32 0.44 0.07 <0.01 - 
Fatty acids, g 
  C6S 0.00 0.14 0.00 47 0.00 0.00 0.00 45 0.51 - <0.01G - 
  C8S 1.2 2.8 0.7 934 1.9 2.2 0.7 933 10.51 - <0.01G - 
  C10S 0.5 6.6 0.0 791 0.8 9.0 0.0 790 8.91 - <0.01G - 
  C12S 7.5 16.1 1.9 6526 11.9 18.3 2.6 6492 73.23 - <0.01G - 
  C14S 8 441 14 2623 10 420 13 2609.8 30.36 - <0.01G - 
  C16S 1355 4760 2943 2552 1255 4574 2933 2524.0 70.06 0.14 <0.01 - 
  C16:1 28 456 43 40 22 441 43 41.5 4.83 0.18 <0.01 - 
  C18S 189 3057 449 570 187 2900 441 561 33.48 0.09 <0.01 0.07 
  C17S 8.7 197 17.7 58 10.0 189 17.4 36.9 2.17 <0.01 <0.01 <0.01 
  C18:1S 2227 8449 5941 3004 2052 8066 5943 2411 119.96 <0.01 <0.01 0.13 
  C18:2S 5052 4863 12120 4756 4668 4759 12237 4551 158.62 0.20 <0.01 - 
  C18:3n6S 5.5 28.7 5.4 1.1 4.5 39.6 10.4 1.1 0.34 <0.01 <0.01 <0.01 
  C18:3n3S 231 230 387 197 219 234 364 196 6.03 0.08 <0.01 0.14 
  CLAS 5.3 48.8 14.2 17.2 6.7 50.9 17.8 11.7 0.59 - <0.01 <0.01 
  C20S 32 50 87 41 28 48 82 40.0 1.21 <0.01 <0.01 - 
  C20:1S 25 90 74 29 24 85 68 28.3 1.33 <0.01 <0.01 0.16 
  C20:2S 0.0 13.0 1.2 53.9 0.0 3.7 1.6 35.4 0.49 <0.01 <0.01G <0.01 
  C22 13.1 5.3 33.2 4.1 5.7 5.3 27.3 5.5 0.35 <0.01 <0.01 <0.01 
  C24S 7.5 79.3 30.5 18.5 5.7 15.6 35.8 12.3 0.89 <0.01 <0.01 <0.01 
  ∑SFAS 1623 8615 3577 14163 1517 8182 3554 14049 193.73 - <0.01G - 
  ∑MUFAS 2280 9081 6058 3087 2098 8673 6054 2490 126.36 <0.01 <0.01 - 
  ∑PUFAS 5294 5184 12528 5025 4897 5087 12631 4796 165.39 0.19 <0.01 - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05; G significant interaction with sex, P < 0.05. CS, corn starch; TW, 
tallow; CO, corn oil; CN, coconut oil. 
134 
135 
Table 3.13 Effect of different fat sources and VE supplementation on fatty acid profile (%) in the backfat1 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
C10 0.06 0.05 0.05 0.11 0.06 0.05 0.05 0.11 0.01 - <0.01 - 
C12 0.07 0.07 0.06 1.59 0.08 0.07 0.06 1.64 0.05 - <0.01 - 
C14 1.29 1.45 1.12 5.68 1.41 1.41 1.12 5.98 0.09 0.15 <0.01 0.19 
C16 25.74 24.25 22.35 28.56 26.06 23.82 21.81 29.04 0.06 - <0.01 - 
C16:1 2.04 2.55 1.53 3.34 2.35 2.65 1.54 3.62 0.1 0.03 <0.01 - 
C17 0.24 0.51 0.19 0.20 0.22 0.54 0.21 0.16 0.02 - <0.01 0.15 
C18 16.69 14.58 12.62 15.54 16.15 13.48 12.36 14.50 0.51 0.04 <0.01 - 
C18:1 43.10 45.59 36.21 35.36 43.35 46.75 35.83 35.45 1.09 - <0.01 - 
C18:2 8.40 8.38 22.77 7.96 7.95 8.54 24.03 7.92 0.47 - <0.01G 0.19 
C18:3n6 0.07 0.16 0.05 0.05 0.08 0.17 0.05 0.03 0.01 - <0.01 0.11 
C18:3n3 0.37 0.37 0.67 0.33 0.36 0.39 0.70 0.32 0.02 - <0.01 - 
 CLA 0.09 0.38 0.08 0.08 0.09 0.42 0.10 0.07 0.01 0.08 <0.01 0.12 
C20S 0.31 0.27 0.29 0.24 0.28 0.23 0.27 0.23 0.02 <0.01 <0.01G - 
C20:1 0.95 0.94 0.81 0.60 1.00 0.98 0.68 0.59 0.06 - <0.01 - 
C20:2 0.43 0.32 0.99 0.23 0.41 0.35 0.95 0.23 0.02 - <0.01G - 
C20:4S 0.15 0.13 0.20 0.13 0.14 0.15 0.22 0.11 0.01 - <0.01 0.02 
∑SFA 44.40 41.18 36.69 51.91 44.27 39.60 35.89 51.66 1.05 - <0.01 - 
∑MUFA 46.09 49.08 38.54 39.30 46.70 50.38 38.05 39.66 1.08 - <0.01 - 
∑PUFA 9.50 9.74 24.76 8.78 9.02 10.01 26.06 8.68 0.51 - <0.01G - 
Iodine value 56.76 59.84 76.88 49.74 56.46 61.49 78.78 49.86 1.09 - <0.01G - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05; G significant interaction with sex, P < 0.05. CS, corn starch; TW, 
tallow; CO, corn oil; CN, coconut oil. 
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Table 3.14 Effect of different fat sources and VE supplementation on fatty acid profile (%) in belly fat1 
VE, ppm: 11 200 SE P-valueFat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
C10 0.07 0.06 0.05 0.10 0.07 0.05 0.06 0.10 0.01 - <0.01 - 
C12 0.07 0.07 0.07 1.33 0.08 0.07 0.07 1.39 0.02 0.16 <0.01G 0.14 
C14 1.31 1.47 1.20 5.01 1.44 1.40 1.22 5.18 0.06 0.17 <0.01 0.10 
C16 24.35 23.06 21.46 26.77 24.69 22.94 21.20 26.98 0.40 - <0.01 - 
C16:1 2.41 2.92 2.05 3.86 2.96 2.92 1.95 4.29 0.11 0.03 <0.01 0.01 
C17S 0.22 0.44 0.17 0.17 0.20 0.49 0.20 0.16 0.03 - <0.01 0.18 
C18 14.00 12.19 10.28 12.89 12.38 11.86 10.58 11.77 0.47 0.09 <0.01 0.11 
C18:1 46.89 49.04 41.41 40.84 47.62 49.14 40.50 40.74 0.66 - <0.01 - 
C18:2 8.30 8.10 20.21 7.23 7.96 8.35 21.21 7.56 0.36 - <0.01 - 
C18:3n6 0.09 0.16 0.06 0.04 0.09 0.17 0.08 0.04 0.01 0.17 <0.01 - 
C18:3n3 0.32 0.32 0.54 0.27 0.32 0.31 0.58 0.27 0.32 - <0.01 - 
 CLA 0.08 0.36 0.07 0.08 0.10 0.37 0.08 0.08 0.01 0.06 <0.01G - 
C20 0.27 0.25 0.25 0.23 0.23 0.24 0.25 0.22 0.01 0.03 0.05 0.16 
C20:1 1.01 1.07 0.96 0.77 1.14 1.17 0.84 0.77 0.05 - <0.01 0.13 
C20:2 0.44 0.34 1.00 0.27 0.47 0.37 0.98 0.29 0.02 - <0.01G - 
C20:4S 0.18 0.14 0.21 0.15 0.16 0.15 0.23 0.15 0.02 - <0.01 - 
∑SFA 40.29 37.54 33.49 46.50 39.16 37.05 33.57 45.80 0.81 - <0.01 - 
∑MUFA 50.30 53.03 44.42 45.46 51.72 53.23 43.29 45.80 0.69 - <0.01 - 
∑PUFA 9.40 9.42 22.09 8.04 9.12 9.72 23.14 8.40 0.39 - <0.01 - 
Iodine value 60.24 62.69 77.26 53.77 60.96 63.38 78.16 54.72 0.86 - <0.01 - 
1 Values are average of 8 replicates; S Significant sex effect, P < 0.05; G significant interaction with sex, P < 0.05. CS, corn starch; TW, 
tallow; CO, corn oil; CN, coconut oil. 
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Table 3.15 Comparison of the mean fatty acid profile1 of backfat and belly fat 
Location P-value
Fatty acid, % Backfat Belly fat SE Location Oil*Location VE*Location 
C10 0.07 0.07 0.001 - <0.01 - 
C12 0.45 0.39 0.016 <0.01 <0.01 - 
C14 2.42 2.27 0.036 <0.01 <0.01 - 
C16 25.21 23.93 0.129 <0.01 0.10 - 
C16:1 2.44 2.92 0.038 <0.01 - - 
C17 0.28 0.26 0.005 <0.01 0.16 - 
C18 14.55 12.02 0.160 <0.01 0.17 - 
C18:1 40.18 44.56 0.228 <0.01 0.04 - 
C18:2 11.98 11.06 0.158 <0.01 <0.01 - 
C18:3n6 0.08 0.09 0.002 <0.01 - - 
C18:3n3 0.44 0.36 0.006 <0.01 <0.01 - 
CLA 0.16 0.15 0.003 0.01 <0.01 - 
C20 0.27 0.25 0.004 <0.01 0.03 - 
C20:1 0.82 0.96 0.018 <0.01 - - 
C20:2 0.48 0.52 0.008 <0.01 - - 
C20:4 0.15 0.17 0.003 <0.01 - - 
∑SFA 43.26 39.20 0.272 <0.01 0.02 - 
∑MUFA 43.45 48.44 0.244 <0.01 0.03 - 
∑PUFA 13.30 12.36 0.168 <0.01 <0.01 - 
Iodine value 61.16 63.83 0.335 <0.01 <0.01 - 
1 Comparison combines data from the two locations and added location as a factor to the 
model used for other analysis, values are average of 60 pigs. Actual fatty acid values by 
dietary treatment are provided in Table 3.13 and 3.14.   
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Table 3.16 Effect of different fat sources and VE supplementation on fatty acid profile in the liver1 
 Dietary VE, ppm 11 200 SE P-valueFat sources CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Lipid, % 2.09 2.22 2.28 2.27 2.28 2.39 2.30 2.19 0.09 - - - 
Fatty acid profile, % 
  C12 0.01 0.00 0.00 0.40 0.00 0.00 0.01 0.29 0.04 - <0.01 - 
  C14 0.26 0.33 0.24 1.38 0.32 0.31 0.22 1.32 0.04 - <0.01 - 
  C16 15.58 14.20 13.20 16.31 16.45 14.38 13.58 17.17 0.45 0.08 <0.01G - 
  C16:1 1.03 1.39 0.84 0.95 1.27 1.46 0.69 1.19 0.11 - <0.01 0.15 
  C17 0.71 0.99 0.79 0.57 1.33 1.44 0.70 0.78 0.15 0.01 <0.01 0.08 
  C18 25.95 25.42 25.54 26.58 24.18 25.58 25.99 23.65 0.60 0.03 - 0.01
  C18:1 13.80 16.68 10.96 12.30 14.37 16.68 10.98 12.38 0.49 - <0.01 -
  C18:2 15.79 15.96 23.84 16.22 16.12 15.47 22.54 17.25 0.34 - <0.01 0.01
  C18:3 n-6 0.18 0.18 0.24 0.19 0.18 0.19 0.26 0.24 0.05 - 0.04 - 
  C18:3 n-3 0.15 0.15 0.22 0.15 0.17 0.15 0.21 0.30 0.07 - - - 
  CLA 0.40 0.48 0.38 0.30 0.46 0.34 0.36 0.49 0.08 - - - 
  C20:1 0.18 0.25 0.25 0.16 0.25 0.35 0.25 0.11 0.10 - <0.01 0.20 
  C20:2 0.40 0.35 0.86 0.35 0.41 0.35 0.89 0.50 0.06 - <0.01 - 
  C20:4 20.00 19.17 19.22 18.73 18.51 18.98 19.42 18.99 0.51 - - - 
  C20:5 0.21 0.22 0.05 0.23 0.20 0.23 0.09 0.30 0.02 0.10 <0.01 - 
  C22 0.82 0.83 0.74 0.67 0.90 0.61 0.58 1.07 0.13 - - - 
  C22:4 1.64 1.06 1.27 1.63 1.65 1.19 1.49 1.33 0.09 - <0.01 0.11 
  C22:5 1.75 1.38 0.96 1.54 1.60 1.40 1.25 1.43 0.16 - <0.01 0.01 
  C22:6 1.08 1.03 0.36 0.98 0.88 0.84 0.47 0.87 0.10 0.20 <0.01 - 
  ∑SFA 43.33 41.76 40.51 45.90 43.18 42.32 41.08 44.27 0.44 - <0.01 0.06 
  ∑MUFA 15.00 18.32 12.05 13.41 15.89 18.49 11.92 13.69 0.56 - <0.01 - 
  ∑PUFA 41.57 39.88 47.43 40.30 40.72 39.14 46.97 41.85 0.54 - <0.01 0.14 
IV 123.42 120.72 125.37 117.28 118.72 118.84 126.03 119.80 1.48 - <0.01 - 




3.4.8 Meat quality 
The WHC was not significantly affected by dietary treatments when measured by 
drip loss and purge loss as shown in Table 3.17. Purge loss linearly increased with 
elongating storage time (P < 0.01). Fat treatment tended to affect purge loss at day 7 (P = 
0.08) after carcass fabrication, but this effect was probably an artifact as it was not detected 
on d 14 and d 30.  
No effect of dietary treatment was observed on subjective meat quality. Significant 
interactions between fat sources and VE supplementation were detected on a*value (P = 
0.01) and Chroma value (P = 0.02) of loin muscle. Increasing dietary VE supplementation 
from 11 to 200 ppm increased a* value (P < 0.05) and Chroma value (P < 0.05) of loin 
muscle in pigs fed CO diet, while decreased a* value (P < 0.01) of LM in pigs fed CS diet. 
Loin muscle of pigs fed CN diet had the highest a* value and Chroma value, and LM of 
pigs fed CO diet had the lowest a* value and Chroma value when dietary VE level was 11 
ppm, while no differences were detected on meat color when dietary VE level were 200 
ppm. No other effects of dietary treatment on L value, b value, a/b ratio, and hue angle 
were detected. 
Belly flex was significantly affected by dietary fat sources, as expected, but not by 
dietary VE supplementation (Figure 3.2 and Table 3.17). Pigs fed CO diet had lower lateral 
distance (P < 0.05) and higher vertical distance (P < 0.05) in the belly flex test than pigs 
fed TW and CS diets. Pigs fed CN diet had higher lateral distance (P < 0.05) and lower 
vertical distance (P < 0.05) under belly flex test than pigs fed TW and CS diets. Belly angle 
increased with increasing content of SFA in the diet. Pigs fed CN diets had the largest belly 
angle compared to the other groups (P < 0.05). Unexpectedly, increasing dietary VE from 
11 to 200 ppm tended to decrease belly angle (P = 0.10), which indicated that super-dosage 
of VE reduced firmness of belly. 
3.4.9 Shelf life 
Meat color scores were measured for 6 days after the carcass fabrication (Table 
3.18). No effect of dietary treatments were detected on the daily meat color under retail 
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condition when analyzed individually. Significant interactions between sex and fat sources 
were observed on a* (P < 0.05), a/b (P < 0.05), and hue angle (P < 0.05) from day 1 to day 
6 after fabrication. 
Meat color did differ with time in further analysis of the color change with time. 
Decreases in the a* (linear and quadratic, P < 0.01), b* (linear, P = 0.004), a*/b* (linear 
and quadratic, P < 0.001), and chroma (linear, P < 0.001) were observed with increasing 
retail time. Hue angle increased (linear and quadratic, P < 0.001) with time. The L* did not 
change with time. The extent of color change compared to the day 1 color was also 
analyzed as ΔE. The ΔE was not affected by supplementation of VE but was affected by 
fat sources from d 3 to d 6. Loin muscle from pigs fed TW diets had a larger color change 
at d 3 (P < 0.05), d 4 (P < 0.05), d 5 (P = 0.08), and d 6 (P = 0.09). 
 3.4.10 Antioxidant status 
As shown in Table 3.19, the SOD activity in the plasma increased (linear; P = 0.002) 
with time. An interaction between fat sources and VE supplementation was detected at the 
end of Phase 2, wherein pigs fed CN diet had the lowest (P < 0.05) SOD activity among 
different dietary fat treatments when pigs were fed diets containing 200 ppm VE, while no 
effect was detected when dietary VE was 11 ppm. With that lone exception, no effect of 
dietary treatments including fat sources and VE levels was detected on the SOD activity in 
the plasma. 
No interactions between dietary fat sources and VE supplementation were observed 
on antioxidant status in the liver in terms of the SOD activity and concentration of GSH, 
GSSG, GSH/GSSG, and MDA. Additionally, no main effects were observed on 
antioxidant status except SOD activity wherein pigs from the CO group had higher liver 
SOD activity (P < 0.05) than the other treatments. 
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Table 3.17 Effect of different fat sources and VE supplementation on pork quality1 of pigs 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Drip loss, % 6.90 7.16 6.87 7.88 5.48 7.33 7.24 7.09 0.63 - - 0.20 
Purge loss, %2 
  Day 7 6.73 6.48 7.80 8.20 6.78 6.68 8.44 7.55 0.76 - 0.08 - 
  Day 14 9.36 10.09 10.29 12.12 10.21 9.11 11.80 10.90 0.82 - 0.11 - 
  Day 30 11.58 12.02 12.42 13.93 13.46 12.47 13.82 13.72 0.84 0.18 - - 
Meat Color 
  L 62.04 61.00 61.59 61.96 60.91 61.74 61.63 61.64 1.39 - - - 
  a 9.74 9.03 8.06 10.21 8.15 7.95 9.38 8.98 0.44 0.06 0.15 0.01 
  b 17.37 16.45 16.08 17.59 14.69 14.69 17.04 16.76 0.66 0.16 - 0.07
  a/b 0.56 0.55 0.50 0.58 0.55 0.51 0.55 0.54 0.03 - - -
  Hue 1.06 1.07 1.11 1.04 1.07 1.10 1.07 1.08 0.02 - - - 
  Chroma 19.95 18.78 18.01 20.37 16.75 18.16 19.47 19.04 0.70 0.09 - 0.02
Subjective meat quality3 
  Color 3.25 2.86 2.63 2.86 3.25 3.17 3.00 2.75 0.26 - - - 
  Marbling 2.13 2.00 2.88 2.43 2.38 2.83 2.50 2.00 0.43 - - - 
  Firmness 2.88 2.57 2.50 3.00 3.00 3.00 2.88 2.75 0.20 - - - 
Belly Flex, cm 
  Left side 
    Lateral 21.29 21.41 13.03 32.66 19.69 20.32 11.43 32.72 1.51 0.19 <0.01 - 
    Vertical 25.1 24.31 29.85 13.79 25.4 23.7 32.23 16.51 1.7 - <0.01 - 
  Right side 
    Lateral 21.29 19.96 10.31 30.84 15.88 19.05 10.16 31.12 1.76 0.13 <0.01 - 
    Vertical 27.31 25.76 33.17 16.69 28.91 27.51 33.81 18.11 1.88 - <0.01 - 
  Belly angle, o 4 79.05 79.66 40.70 130.64 70.00 66.97 36.53 122.49 6.72 0.10 <0.01 - 
1 Values are average of 8 replicates. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
2 Time effect on purge loss, linear P <0.0001, quadratic <0.0001; no interaction between time with any of the main effect detected.  
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3 Color: National Pork Producers Council (NPPC) color scale (1-5): 1= pale pinkish to white; 5 dark purplish red. Marbling: NPPC 
marbling scale (1-5): percentage fat in the loin muscle. Firmness: NPPC firmness scale (1-5): 1= very soft; 5 = very firm.  




Figure 3.2 Effect of dietary fat sources and VE supplementation on belly flex of pigs 
Note: Bars with different letters differ significantly, P < 0.05. 
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Table 3.18 Effect of different fat sources and VE supplementation on color of loin muscle1 
VE, ppm: 11 200 SE P-value
Fat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
L 
  Day 1 62.71 62.21 62.20 61.95 61.64 62.84 61.60 62.13 1.58 - -G - 
  Day 2 62.32 62.18 62.94 62.08 61.96 62.16 62.35 62.92 1.62 - - - 
  Day 3 63.07 63.24 62.89 62.71 61.84 61.79 62.99 62.71 1.64 - - - 
  Day 4 62.76 62.90 62.69 62.34 62.06 62.25 61.98 62.59 1.59 - - - 
  Day 5 63.07 61.16 62.71 63.50 61.95 61.06 62.05 63.00 1.83 - - - 
  Day 6 63.80 61.37 62.66 62.85 61.06 61.51 62.25 62.16 1.82 - - - 
aL Q 
  Day 1 9.41 9.54 9.02 10.39 8.96 8.07 9.68 9.56 0.64 - -G - 
  Day 2 8.96 9.33 9.07 9.88 9.08 8.06 9.27 9.21 0.71 - -G - 
  Day 3 7.96 8.73 9.19 8.84 8.82 7.40 8.51 8.66 0.76 - -G - 
  Day 4 7.47 7.38 8.63 8.46 7.50 6.65 7.83 8.10 0.77 - -G - 
  Day 5 5.86 6.58 7.61 7.32 5.73 6.39 6.01 6.71 0.70 0.20 -G - 
  Day 6 5.31 6.37 6.57 6.22 5.63 5.36 6.04 6.36 0.62 - -G - 
bL 
  Day 1 17.38 17.16 16.00 17.72 16.07 16.06 17.32 16.97 0.67 - - 0.14 
  Day 2 17.42 17.13 15.85 17.57 15.85 16.98 16.94 16.82 0.71 - - - 
  Day 3 16.72 15.86 16.28 16.34 15.83 16.47 16.24 16.68 0.53 - - - 
  Day 4 16.79 16.08 16.12 16.73 15.72 16.12 16.56 16.20 0.59 - - - 
  Day 5 16.03 16.36 15.37 15.60 15.58 17.46 15.88 16.03 0.63 - 0.20 - 
  Day 6 15.77 16.19 15.79 16.38 15.90 16.51 16.21 16.34 0.68 - - - 
a/bL Q 
  Day 1 0.54 0.56 0.57 0.59 0.56 0.51 0.56 0.56 0.03 - -G - 
  Day 2 0.51 0.55 0.58 0.56 0.58 0.48 0.55 0.55 0.04 - -G - 
  Day 3 0.47 0.55 0.57 0.54 0.56 0.45 0.52 0.52 0.04 - -G 0.14 




Table 3.18 continued 
  Day 5 0.37 0.41 0.50 0.49 0.38 0.37 0.38 0.42 0.05 - -G - 
  Day 6 0.34 0.40 0.42 0.38 0.37 0.33 0.37 0.39 0.04 - -G - 
HueL Q 
  Day 1 1.08 1.06 1.06 1.04 1.06 1.10 1.06 1.06 0.02 - -G - 
  Day 2 1.10 1.07 1.05 1.06 1.05 1.13 1.07 1.07 0.03 - -G - 
  Day 3 1.13 1.08 1.06 1.08 1.06 1.15 1.09 1.10 0.03 - -G 0.15 
  Day 4 1.16 1.15 1.08 1.11 1.12 1.18 1.13 1.11 0.04 - -G - 
  Day 5 1.22 1.19 1.12 1.13 1.21 1.22 1.21 1.18 0.04 - -G - 
  Day 6 1.24 1.20 1.18 1.21 1.22 1.26 1.21 1.20 0.03 - -G - 
ChromaL 
  Day 1 19.82 19.68 18.40 20.59 18.42 18.00 19.86 19.54 0.79 - - 0.14 
  Day 2 19.65 19.57 18.33 20.22 18.83 18.29 19.34 19.26 0.83 - - - 
  Day 3 18.58 18.20 18.78 18.67 18.17 18.06 18.38 18.87 0.72 - - - 
  Day 4 18.44 17.85 18.36 18.85 17.45 17.46 18.38 18.19 0.69 - -G - 
  Day 5 17.12 17.78 17.27 17.50 16.67 18.62 16.99 17.48 0.62 - 0.19 - 
  Day 6 16.66 17.51 17.25 17.59 16.94 17.39 17.31 17.63 0.73 - - - 
ΔE 
  Day 1-4 7.26 13.62 4.73 9.55 8.02 24.30 7.08 7.26 3.68 - 0.01 - 
  Day 1-5 22.49 33.60 11.78 24.55 16.25 33.67 19.75 14.53 6.34 - 0.08 - 
  Day 1-6 26.87 44.12 12.17 26.93 19.41 26.56 24.46 18.68 5.95 - 0.09 0.13 
1 Values are average of 8 replicates. G Significant interaction with sex, P < 0.05. L Time effect, linear P <0.05; Q time effect, quadratic 
<0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut oil. 
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Table 3.19 Effect of different fat sources and VE supplementation on antioxidant status1 in pigs 
VE, ppm: 11  200 SE P-valueFat source: CS TW CO CN CS TW CO CN VE Fat VE*Fat 
Plasma SOD, U/ml2 
  Day 0 5.51 4.92 4.34 4.15 4.37 3.57 4.21 4.72 0.58 0.16 - - 
  Phase 1 4.38 4.99 4.23 4.48 4.44 3.82 3.87 3.68 0.58 0.13 - - 
  Phase 2 5.06 4.50 4.20 4.64 6.66 5.37 5.18 3.91 0.56 0.18 0.11 0.04 
  Phase 3 5.01 5.99 4.48 4.99 5.79 5.66 5.52 4.94 0.46 - - - 
  Phase 4 5.30 5.83 4.61 4.98 4.84 5.12 4.79 4.88 0.53 - - - 
  Phase 5 7.71 7.83 7.60 8.46 7.69 7.27 7.97 7.95 0.66 - - - 
Total GSH, 𝜇mol/g wet liver 10.64 10.6 10.16 11.34 11.37 10.02 10.46 11.29 0.74 0.19 -G - 
GSH, 𝜇mol/g wet liver 9.18 9.29 8.9 9.96 9.72 8.92 8.99 9.89 0.63 - -G - 
GSSG, 𝜇mol/g wet liver 0.73 0.66 0.63 0.69 0.83 0.55 0.73 0.7 0.08 0.20 -G - 
GSH/GSSG 14.53 16.9 14.82 15.13 13.63 21.78 14.29 15.1 1.46 - - - 
GSH 𝜇mol/g protein 81.23 82.23 76.69 85.82 87.02 70.13 82.04 82.86 5.56 - -G - 
GSSG 𝜇mol/g protein  6.61 5.71 5.39 5.92 7.5 4.41 6.81 5.96 0.66 - -G - 
SOD, U/g wet liver 2.61 2.66 2.86 2.58 2.46 2.92 2.63 2.42 0.13 - 0.09 - 
SOD, U/mg protein 23.13 23.37 24.84 21.96 21.9 23.07 23.96 20.57 1.07 - 0.03 - 
MDA, nmol/g wet liver 8.58 8.08 7.05 8.31 9.33 8.8 7.46 9.18 0.81 - 0.17 - 
MDA, nmol/g protein 75.93 70.82 60.94 70.89 75.65 70.79 66.79 77.27 5.39 -G 0.16 - 
1 Values are average of 8 replicates; G Significant interaction with sex, P < 0.05. CS, corn starch; TW, tallow; CO, corn oil; CN, coconut 
oil. 




3.5.1 Fat quality 
The FA profiles of different fat sources were similar to the values listed in NRC 
(2012), the MIU content of the three fat sources were all less than 2%. These results 
confirmed their representativeness as fat sources.  
The analyzed FFA content in the distiller’s corn oil was 8.37%, which was higher 
than expected. It indicated that the distiller’s corn oil we used in this study might had 
experienced hydrolysis and oxidation (Zinn and Center, 1995). According to a survey 
published by Song and Shurson (2013), the lipid peroxidation level in corn distillers dried 
grains with solubles (DDGS) samples from 31 U.S. ethanol plants was generally higher 
than that of the regular corn sample obtained from a corn processing plant. The average 
peroxide value (PV) and thiobarbituric acid reactive substances (TBARS) content for these 
31 DDGS samples were 13.9 meq/kg oil and 1.9 ng malondialdehyde (MDA), respectively. 
The greatest PV among DDGS samples was 27 times greater than that of the regular corn 
sample (3.1 meq/kg oil), the greatest TBARS content was 25 times greater than that of the 
corn sample (0.2 ng MDA equivalents/mg oil). This partly confirmed the similarity 
between the distiller’s corn oil that was used and the corn oil that is present in the DDGS 
routinely available in the market to evaluate the issue of extensive use of DDGS over a 
long period. 
Additionally, the presence of a higher content of trans fatty acid up to 4.8% also 
distinguished TW from other fat sources. Trans UFAs are widely found in animal fat, while 
rarely found in vegetable oil. Although in most animals, they originate from diets, trans 
UFAs can be synthesized in the rumen by microbial hydrogenation of PUFA. As a result, 
TW could contain 4.5-10% trans unsaturated FA even when cattle were fed routine diets 
(Sommerfeld, 1983).   
3.5.2 Growth performance and lean growth 
Limitations of heavy SLW pigs are commonly accepted as decreasing efficiency in 
both weight gain and lean production, although responses may vary depending on the 
148 
gender, genotype, nutritional strategy and management. Previous studies have shown 
quadratic responses of both ADG and ADFI to increasing live weight up to 160 kg, with 
ADG peaking at approximately 78 and 77 kg live weight for barrows and gilts, respectively, 
and decreasing after that, and ADFI peaking at approximately 115 and 121 kg for barrows 
and gilts, respectively, and decreasing subsequently (Latorre et al., 2003; Latorre et al., 
2004; Shull, 2013). The current study demonstrated a quadratic response of ADG and 
ADFI to increasing body weight up to 150 kg, with ADG peaking at Phase 2 (50-75 kg), 
and ADFI peaking at Phase 4 (100-125 kg). The lean growth also slowed down after 125 
kg. The result is in agreement with the previous studies. The linear increase in F/G observed 
in the current study is also in agreement with general trend of F/G along with increasing 
body weight (Latorre et al., 2003; Shull, 2013). 
When it comes to the dietary treatment effect on growth performance, the effect of 
fat supplementation always involves both energy density and ratio of protein/lysine:energy 
(Gu and Li, 2003). When protein:energy ratio remained constant with the increasing fat 
supplementation, ADG was normally not affected by fat supplementation either from 
different sources or levels, while reduced ADFI and F/G were consistently reported 
(Pettigrew et al., 1991; Liu et al., 2018). When pigs were fed diets with 6% fat from 
soybean oil, choice white grease, palm oil, animal-vegetable blend, or tallow, a similar 
effect in overall ADG from 72 to 130 kg was reported, while a difference in the effect of 
fat sources on ADFI was also reported (Liu et al., 2018). Similar results were reported 
when pigs were fed either soybean oil or hydrogenated animal fat from 80 to 125 kg, no 
effects of dietary fat sources and FA profile of the fat on final live weight, carcass weight, 
and ADG were detected when diets were formulated with equal crude protein, lysine level 
(Averette Gatlin et al., 2002). The general decrease in F/G from Phase 2 to Phase 5 and 
cumulative ADFI with 5% fat addition compared to the CS group observed in the current 
study is in agreement with the previous studies. However, even with the ratio of SID lysine 
content and ME density kept consistent across all the treatments, 5% fat supplementation 
increased ADG during Phase 4 and Phase 5 and also increased cumulative ADG since 
Phase 4  with the highest ADG observed at 5% corn oil supplementation in the current 
study. This result indicated the beneficial effect of fat supplementation. The beneficial 
effect of the fat supplementation might be due to the increase in the palatability of the fat-
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supplemented diets (Ziggers, 2005), and their essential role in providing essential FAs (Liu, 
2015; Rosero et al., 2015) and facilitating absorption and transportation of fat-soluble 
nutrients especially vitamins (Prévéraud et al., 2014; Prévéraud et al., 2015; Ng et al., 2016). 
Swine fed semi-purified diets fortified with VE generally had improved growth 
rates and feed conversion, whereas when cereal grains served as the basal diets, animal 
performance was generally not improved by the VE supplementation (Mahan, 2001; 
Averette Gatlin et al., 2002). Asghar et al. (1991b) reported significant improvement in 
both ADG and F/G when pigs were fed supra-nutritional VE (100 and 200 ppm) in the 
form all-rac-ATA compared to pigs fed diets containing 10 ppm. The result of the current 
study is in agreement with this study, increasing dietary VE supplementation in the form 
of ATA from 11 to 200 ppm tended to increase ADG in Phase 5 (125-150 kg), while 
decreased F/G in Phase 4 (100-125), Phase 5 and overall period (tendency, 25-150 kg).  
However, Lauridsen et al. (1999) reported no beneficial effect of supplementation 
of supra-nutritional levels of VE, feeding pigs with 200 ppm dietary VE reduced ADG 
compared to pigs fed diets with either no added VE or 100 ppm dietary VE. Many 
confounding dietary factors including the content of selenium (Se), unsaturated FAs, other 
vitamins, copper, synthetic antioxidants, and even the physiological status of the animal 
can contribute to the variability of VE response. In addition, the current study followed 
recommendation of OVN vitamin supplementation guideline (2016), which are at least 
three times as much as that recommended by NRC (2012) for most vitamins, the threshold 
effect of VE, in this case, might be much more significant than the previous studies that 
had lower supplementation of other vitamins by following recommendation of NRC (2012). 
Besides, the beneficial effect of VE supplementation herein was mainly observed at a 
heavier weight after 100 kg, which might also be the reason that some previous studies 
with lighter slaughter weight failed to report the beneficial effect of supra-nutritional 
dietary VE supplementation.  
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3.5.3 Fatty acid profile and iodine value in adipose tissues 
As previously reported, the FA composition of pig adipose tissue reflects that of 
the diet because part of the non-essential FAs are incorporated into the lipid tissues in pigs 
without further modification or very litter modification (Averette Gatlin et al., 2002; 
Corino et al., 2002; Rentfrow et al., 2003; King et al., 2004). In the current research, partly 
corresponding to the intake of different individual FAs, pigs fed CN diets had most SFA 
including C12 and C14, pigs fed CO diets had most PUFA including C18:2 and C18:3n3, 
and pigs fed TW diets had most MUFA especially C18:1 in the backfat and belly fat. 
However, the content of C16 and C16:1 was the highest in the backfat and belly fat of pigs 
fed CN diets when the intake of these two FAs was the highest in pigs fed TW diets. 
Besides, the content of C20:2 in the backfat and belly fat of pigs fed CO diets was the 
highest although the intake was the highest in pigs fed CN diets. These results indicated 
that FAs are actively modified depending on the FAs intake, especially for those non-
essential FAs (Kloareg et al., 2007). As the result, the tissue FA profile did not strictly 
follow the dietary FA profile.  
As the most common FA in grains and oilseeds, the linoleic acid (C18:2n-6) content, 
which is relatively low in animal fat but essential for animals, is one of the most widely 
evaluated FA. The changes of linoleic acid with different dietary fat sources follow the 
difference in the intake through diets (Kloareg et al., 2007). The intake of linoleic acid was 
the highest in the CO group among the four dietary fat treatments, 2.6 times as much as the 
intake of linoleic acid in CN groups in the current study. As a result, the concentration of 
linoleic acid in pigs fed CO diets was 2.9 and 2.8 times as much as in pigs fed CN diets in 
the backfat and belly fat respectively. The similar relative ratio of increase indicated the 
concentration dependent deposition of linoleic acid in the adipose tissues. This result is in 
agreement with previous studies, where the proportion of linoleic acid in subcutaneous 
adipose tissue and backfat of pigs increased from as low as 10% on a diet with 5% olive 
oil, which contains around 9.8% linoleic acid, to over 30% on diets supplemented with 5% 
soy oil, which contains around 53% linoleic acid (Ellis and Hankins, 1925; Ellis and Isbell, 
1926; Averette Gatlin et al., 2002; Nuernberg et al., 2005; Apple et al., 2009a, b). The 
extent of the change in linoleic acid content in muscle and lipid tissues was always the 
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greatest among all the FAs, when unsaturated vegetable oil (such as safflower oil, soybean 
oil, corn oil) were compared to animal fat (such as tallow and choice white grease) as fat 
sources for pigs (Mitchaothai et al., 2007; Corino et al., 2008; Apple et al., 2009a, b; Apple 
et al., 2009c; Browne et al., 2013a).   
Oleic acid (C18:1) is the most abundant FA in adipose tissues of pigs, it changes in 
a relatively smaller range with different dietary fat sources, compared to linoleic acid. 
Although there was also a big difference in oleic acid intake among different fat sources in 
the current study with the highest intake in TW diets which was 3.9 times as much as that 
of CS diets, the concentration of oleic acid in adipose tissues from TW goup was 6.8% 
higher that that of CS group. The result indicated the relative active metabolic activity of 
oleic acid in pigs. Similar to the result of the current study, when pigs were fed diets 
containing various fat sources such as corn oil, soybean oil, tallow, poultry fat, sunflower 
oil, linseed oil, and olive oil, the content of oleic acid in adipose tissues varied from as low 
as 32% on a no-fat-added diet to as high as 45% when pigs were fed 5% choice white 
grease (Nuernberg et al., 2005; Benz et al., 2011a, b; Browne et al., 2013a; Kellner et al., 
2014, 2015; Kellner et al., 2016).  
Additionally, while the intake of oleic acid in the CS group was the lowest, the 
lowest content of oleic acid in the backfat and belly fat was observed in pigs from the CN 
group. This demonstrated the effect of the intake of different FAs on lipogenesis, the high 
intake of SFA inhibited the lipogenesis of oleic acid in adipose tissues. As previously 
reported, fat deposition increases with increasing dietary fat supplementation, dietary fatty 
acids inhibit lipogenesis in the adipose tissue. The increasing level of dietary fat as corn oil 
from 1 to 13% significantly depressed (60 to 70% ) lipogenesis, although body fat content 
was increased due to the increasing direct deposition of dietary fat (Allee et al., 1971). 
When pigs were fed with diets of  either 5% fat or starch, the fat supplementation decreased 
the mRNA abundance of FASN in adipose tissue, and mRNA abundance of acetyl CoA 
carboxylase (ACACA), adipose triglyceride lipase (ATGL), peroxisome proliferator 
activated receptor-alpha (PPAR-α), AMP-activated protein kinase gamma 1 noncatalytic 
subunit (PRKAG-1), and stearoyl CoA desaturase (SCD) in the liver compared to the 
control group with 5% starch (Kellner et al., 2017). Dietary SFA and omega-6 FA (such as 
linoleic acid) are the most reported factors displaying inhibitive effects on lipogenesis in 
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adipose tissue. When pigs were fed diets with no added fat or 11% fat (tallow, sunflower 
oil, linseed oil, blend oil, or fish oil), the mRNA abundances were highest in pigs fed diets 
with no added fat, while lowest in pigs fed diets with 11% tallow (Duran-Montgé et al., 
2009). In most recent studies, the addition of 5% dietary fat in the form of coconut oil, corn 
oil, fish oil, and tallow all reduced FASN abundance compared to pigs fed a control diet 
without fat addition (Kellner et al., 2017).  
The third most abundant FA in adipose tissues of pigs is palmitic acid (C16), which 
changes to an even smaller extent than oleic acid and linoleic acid, but did change 
consistently when dietary fat was switched, depending on the difference among the fat 
sources. In this study, the intake of C16 was the highest in pigs fed TW diets while lowest 
in pigs fed CN diets among the four dietary fat treatments, however the content of C16 in 
the back fat and belly fat was the highest in pigs fed CN diets. The palmitic acid can be 
synthesized endogenously actively via de novo lipogenesis, and it is the end product of 
lipogenesis in the cytoplasm of cells. Different from oleic acid and linoleic acid, increasing 
dietary fat content reduced palmitic acid content in adipose tissues, although the change in 
tissue palmitic acid content is also positively related with dietary palmitic acid 
concentration (Rentfrow et al., 2003; Apple et al., 2009a, b; Apple et al., 2009c). A 
significant change in tissue palmitic acid content was also reported when dietary palmitic 
acid content differed by supplementation of beef tallow or sunflower oil. There were 23% 
and 21% palmitic acid in the subcutaneous fat, and 22% and 19% in the backfat when pigs 
were fed with beef tallow or sunflower oil, respectively (Mitchaothai et al., 2007). A 
significant difference in adipose tissues was detected even through only around 2% 
difference in palmitic acid content existed in diets, when supplementation of animal fats 
(5%) including beef tallow and poultry fat were compared to soybean oil (5%) and no fat-
added diets (Apple et al., 2009a, b; Apple et al., 2009c), and when 5% linseed oil 
supplementation was compared to 5% olive oil supplementation (Nuernberg et al., 2005), 
and when supplementation of 5% choice white grease was compared to 5% soybean oil 
(Benz et al., 2011a). A significant difference in palmitic acid content was also detected, 
even when there was only less than 1% difference in the FA composition data when 
supplementation of 4.7 % yellow grease was compared to 5% tallow supplementation 
(Browne et al., 2013a).  
153 
Another FA comprising more than 10% in adipose tissues is stearic acid (C18) 
which also changes with variations in dietary FA profile, but to a much smaller extent than 
linoleic acid and oleic acid and a relatively larger extent than palmitic acid. Similar to the 
pattern of C16, the concentration of C18 was the highest in pigs fed CS diets where the 
intake of C18 was lowest among the four dietary fat treatments. A similar result was 
previously reported when animal fats were compared to vegetable oils, significant 
differences were reported, with lower stearic acid content in adipose tissue of pigs in 
vegetable oil groups (Apple et al., 2009a). Replacing 5% sunflower oil with 5% beef tallow 
increased stearic acid from 11% to 13% in adipose tissues (Mitchaothai et al., 2007). Pigs 
fed diets with 5% beef tallow had higher stearic acid content in adipose tissues compared 
to pigs fed diets with 5% poultry fat, which was consistent with the stearic acid content of 
the fat (Apple et al., 2009a, b). However, other research reported no significant difference 
in stearic acid when different animal fats or vegetable fats were compared as fat sources 
for pigs, when difference in stearic acid in diets were relatively small (Nuernberg et al., 
2005; Corino et al., 2008; Browne et al., 2013a). No difference in adipose tissue stearic 
acid content was detected when yellow grease supplementation (5%) was compared to beef 
tallow (5%), due to the lack of dietary difference in this fatty acid (Browne et al., 2013a). 
Corino et al. (2008) reported a similar result when dietary supplementation of 2.5% 
sunflower oil was compared to 5% extruded linseed. The difference in tissue deposition of 
stearic acid is also due to the extent of the variation among different fat sources.  
The variation in the concentration of the other PUFAs including C18:3 n-6, C18:3 
n-3, and CLA in response to the dietary fat treatments generally followed the difference in
the intake of the individual FAs. The increase in the deposition in the adipose tissue was 
mainly due to the increase in the intake of these FAs or their precurser FAs including C18:2 
and C18:3 n-3 (Ramsay et al., 2001; Thiel-Cooper et al., 2001; Tischendorf et al., 2002; 
Kloareg et al., 2007).  
The iodine value in tissues displays similar trends with the FA profile, the highest 
IV value of backfat and belly fat was observed when pigs were fed CO diets, and the lowest 
IV value was observed in pigs fed CN diets. It is through the FA profile that dietary fat 
treatments affect the iodine value of tissues (Wood et al., 2004; Benz et al., 2011a, b). The 
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current result is in agreement with the previous studies which reported the close correlation 
between dietary FAs and pork IV (NRC, 2012; Kellner et al., 2016). 
As expected, the VE supplementation displayed very limited effect on the FA 
profile of adipose tissues. The VE supplementation affected concentration of C16:1, C18, 
and C20 in the backfat, where the concentration of C16:1 increased and the concentration 
of C18 and C20 decreased with the increasing dietary VE from 11 to 200 ppm. In the belly 
fat, the VE supplementation affected concentration of C16:1 and C20, wherein the 
concentration of C16:1 increased and the concentration of C20 decreased with the 
increasing dietary VE from 11 to 200 ppm. A tendency of increase in CLA content in both 
the belly fat and the backfat were also detected with the increasing dietary VE. This result 
has not been reported before, much research need to be done to better interpret the 
underlying connection in VE supplementation and tissue FA profile. 
3.5.4 Fatty acid profile and iodine value in the liver 
Regardless of the dietary treatment, the FA profile in the liver was different from 
adipose tissues. For example, the highest content of FA was C18 in the liver, instead of 
C18:1, which was the highest in adipose tissues. Besides, the high concentration of C20:4 
in the liver, which was converted from C18:2 and C18:3, indicates the active metabolism 
and modifications of the essential FAs in the liver (Jump et al., 2005; Kloareg et al., 2007). 
Although there were differences between fat treatments for most FAs, the profiles were 
closely related to the dietary FAs intake, and the relative concentration of each FAs was 
not decided by the intake itself. The intake of C12 and C14 in the CN group was much 
higher than the intake of C16, while the concentration of C12 and C14 was all below 1.5%, 
and the concentration of C16 was over 10%. This result is in agreement with previous 
studies, that reported the active modification including elongation and desaturation in the 
liver (Jump et al., 2005; Kloareg et al., 2007; Duran-Montgé et al., 2009).   
Similar to the response in adipose tissues, the FA profile in the liver changed 
depending on the difference in the intake of different fatty acids in the current study. 
Overall, the pigs fed CN diets had the highest content of SFA, the pigs fed tallow had the 
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highest MUFA, and the pigs fed CO diets had the highest PUFA, in agreement with 
previous studies (Jump et al., 2005; Martin et al., 2008; Duran-Montgé et al., 2009).  
3.5.5 Plasma and tissue tocopherol 
As previous data demonstrates, VE can be absorbed and deposited into different 
tissues readily, and the deposition increases linearly with increasing dietary 
supplementation (Monahan et al., 1990; Dove and Ewan, 1991; Yang et al., 2009; 
Lauridsen, 2010; Lauridsen et al., 2013). In the current study, VE concentration in plasma 
and tissue increased with the increasing time that pigs were fed with 200 ppm VE diets and 
increased when dietary VE level increased from 11 to 200 ppm. Plasma VE increased faster 
in pigs fed with CN and TW diet compared to pigs fed CS and CO diet when supplemented 
with 200 ppm VE. The interaction between fat and VE on VE concentration in plasma and 
loin muscle is also in agreement with previous studies, where the α-T concentrations in 
plasma and tissues (liver, muscle, and adipose tissues) decreased when pigs were fed higher 
PUFA diets (from linseed and safflower oil) than the no added-fat control diets, and 
increased when pigs were fed high SFA diets such as olive oil and coconut oil (Prévéraud 
et al., 2014; Prévéraud et al., 2015). The MUFA content was also reported to be positively 
associated with tissue VE concentrations, due to the favorable role of oleic acid (C18:1) in 
the secretion of VE enriched chylomicrons (Prévéraud et al., 2015). Regarding the 
difference in the fatty acid profile of different fat sources, VE emulsified in medium-chain 
triglycerides was demonstrated to have better gastrointestinal absorption compared to long-
chain triglycerides (Gallo-Torres et al., 1977). The coconut oil had the highest content of 
SFA and most medium chain fatty acids, and the tallow had the highest content of MUFA 
especially compared to the corn oil. On the other hand, due to the higher digestibility of n-
6 fatty acids than the other classes, the n-6 fatty acids also enhance the deposition of VE in 
the tissues although most PUFA, especially n-3 PUFA, may reduce VE deposition 
(Prévéraud et al., 2015). The result of this study is in agreement with previous studies. 
Although increasing dietary VE supplementation from 11 to 200 ppm increased VE 
concentration in liver by 4.7 times, an effect of fat sources and the interaction between fat 
sources and VE supplementation were not observed on VE deposition in the liver. However, 
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numerically, in high VE groups, pigs fed CN diets had 26.6% more VE in the liver than 
pigs fed CS diets. Thus to some extent, the results may support the interaction between fat 
sources and VE absorption.  
3.5.6 Carcass traits, meat quality and shelf life 
With the strict control of slaughter weight in this study, no effects of dietary fat or 
VE treatments were detected on HCW, CCW, dressing percentage, shrink loss, pH45min, 
pH24h and carcass length among different treatments. The lack of effect of dietary fat 
sources and VE supplementation are in agreement with previous studies when diets were 
formulated with equal ME, crude protein and lysine level (Averette Gatlin et al., 2002; 
Corino et al., 2002; Lauridsen, 2010; Prévéraud et al., 2014).  
Unlike previous studies, the backfat depth, belly fat depth, loin muscle dimension, 
and loin muscle area differed among pigs from different fat treatments although same 
ME/SID lysine was maintained across all the treatments. Pigs fed CO diet had greater 
backfat depth at the 10th rib and last lumbar compared to pigs fed CS diet, while neither of 
them differed with pigs fed CN and TW diets. This result might be due to the reason that 
only one ME value for all fat sources as the average of corn oil, tallow and coconut oil 
provided in NRC (2012) was used when the study diets were formulated. However, corn 
oil actually has the highest ME concentrations compared to coconut oil and tallow, which 
leads to the increased deposition of adipose when other nutrients were kept the same (NRC, 
2012; Kellner and Patience, 2017). Besides, loin muscle measurements showed reversed 
trend compared to the trend of fat depth, the pigs fed CS diet had greatest loin muscle area, 
vertical and horizontal diameter, while pigs fed CO diet had the lowest value even though 
the calculated SID lysine intake of pigs fed CO diet was numerically higher than those pigs 
fed CS diet. This result could indicate the interaction between fat supplementation and lean 
growth and the inaccurate ME value used for corn oil.  
It is through the FA profile and deposited VE that dietary fat treatments affect IV 
value, firmness, and the oxidative stability of pork, because different FAs have different 
melting points in meat and oxidative activity (Wood et al., 2004; Benz et al., 2011a, b) and 
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VE is widely known as an antioxidant (Bosi et al., 2000; Lauridsen et al., 2013). As 
expected, firmness of the belly when measured as belly flex displayed close relationship 
with the IV of the dietary fat sources, where higher diet IV produced softer belly with 
higher IV compared to other groups. This result is in agreement with most previous studies 
(Averette Gatlin et al., 2002; Rentfrow et al., 2003; LaTour and Schinckel, 2007; Corino 
et al., 2008; Apple et al., 2009a; Apple et al., 2009c; Cromwell et al., 2011; McClelland et 
al., 2012; Browne et al., 2013b).  
As reviewed in Chapter 2, when the UFA content in pork increases, the pork gets 
softer and easier to be oxidized, leading to a short shelf life. VE could be active in the 
subcellular fraction and catch free radicals produced during lipid oxidation, and as a result, 
break the chain of lipid peroxidation in cell membranes and prevent the formation of lipid 
hydroperoxides (Georgantelis et al., 2007). However, no effect of dietary treatments were 
detected on the meat color when analyzed on a daily basis. When analyzed as ΔE in the 
comparison of color change along with increasing time on retail display, the color change 
was affected by fat sources from Day 3 to Day 5, but not VE supplementation. Although a 
consistent effect of dietary VE supplementation on meat color has been massively reported 
in ruminant animals including cattle, goat, and lamb (Liu et al., 1995; Suman et al., 2007; 
Jose et al., 2018; Possamai et al., 2018), this effect has been inconsistent in pork (Hasty et 
al., 2002; Waylan et al., 2002; Ohene-Adjei et al., 2004; Guo et al., 2006). The inconsistent 
result might be due to the structural differences of myoglobin from pigs and cattle. When 
myoglobin was incubated with HNE (a product of lipid oxidation), only mono-adducts of 
HNE with porcine myoglobin were detected and three histidine (HIS 24, 36 and 119) 
residues in porcine Mb that were readily adducted by HNE, whereas in bovine Mb seven 
histidine residues (HIS 24, 36, 81, 88, 93, 119 and 152) were abducted (Suman et al., 2007). 
The myoglobin in pork is less affected by the lipid oxidation compared to beef. 
3.5.7 Antioxidant status 
The antioxidant system including non-enzymatic components (GSH, VE, Se, and 
other vitamins) and a series of antioxidant enzymes (SOD, GSH-px, and CAT) can 
eliminate excessive oxidative radicals under stress condition (Lu et al., 2010). In the current 
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study, an interaction between fat sources and VE supplementation was detected in plasma 
SOD activity, wherein pigs fed CN diet had the lowest activity among different dietary fat 
treatments when pigs were fed diets containing 200 ppm VE. In the liver, pigs from the CO 
group had higher SOD activity than the other treatments, while no interaction between VE 
and fat sources were observed. The high content of free FA in the CO used in the current 
study reflected the potential oxidation of this fat source. Upon the intake of the oxidized 
fat, higher antioxidant activity and increased TBARS would be established (Shurson et al., 
2015; Hung et al., 2017). However, the lack of difference in pigs fed either 11 or 200 ppm 
dietary VE is expected. Previous studies reported improved enzymatic antioxidants system 
including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-
Px) with increased VE supplementation (Lauridsen et al., 1999; Gultekin et al., 2001; 
Lauridsen, 2010; Cheng et al., 2017). It might be partly due to the well-controlled 
environment in the current study which kept the stress level low enough that the antioxidant 
system was little needed to deal with excessive oxidative radicals. A further study with 
oxidative stress challenge might be helpful to better understand the potential interaction 
between fat sources and VE supplementation.  
3.6 Implication 
The results of the present study demonstrated the importance of dietary fat sources 
and VE supplementation on growth, fat deposition, belly firmness, pork oxidative stability, 
tissue FA profile, and antioxidant status in pigs grown up to 150 kg, as well as the dosage-
dependent response of tissue VE deposition and the interaction between fat sources and 
VE supplementation. These results and reviewed research demonstrate that dietary fat 
sources with more SFA and MUFA could improve the firmness of the pork, and enhance 
the VE deposition in pork product compared to those fats with higher PUFA content.  
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Chapter 4  Effect of Different Fat Sources and Vitamin E Isoforms/Levels on 
Growth Performance, Carcass Characteristics, Fatty Acid Profile, Meat 
Quality, and Immune Response of Pigs Grown to 150 Kg 
4.1 Abstract 
The study objective was to assess the contribution of fat source and vitamin E (VE) 
supplementation to growth performance, antioxidant status, and fatty acid (FA) profile of 
pigs at heavy slaughter weight (148.09 ±1.64 kg). A total of 72 individually-fed pigs (36 
barrows, 36 gilts; 28.55 ±1.16 kg) were randomly assigned to 12 dietary treatments in a 2 
× 6 factorial arrangement. Fat treatments were tallow and corn-oil. The VE treatments 
included four levels of α-tocopheryl-acetate (ATA; 11, 40, 100, and 200 ppm) and two 
levels of mixed tocopherols [primarily γ-tocopherol (γ-T); 40 and 100 ppm]. Samples of 
backfat, belly fat, and liver were collected at slaughter. Data analysis was performed by 
ANOVA using GLM in SAS. No effect of dietary fat sources, isoforms of VE, and levels 
of γ-T were detected on growth performance or liver antioxidant status (GSH, GSSG, SOD, 
and MDA). Increasing dietary ATA linearly increased overall ADG (P=0.02) from 28 to 
150 kg. An interaction between fat sources and ATA was observed on cumulative ADG 
during Phase1-3 (28-100 kg; P=0.04) and Phase1-4 (28-125 kg; P=0.03) wherein pigs fed 
corn-oil-diet, but not tallow-diet, had increased ADG with increased dietary ATA. 
Increasing dietary ATA increased (P<0.001) plasma α-tocopherol (α-T) concentration, 
while decreased (P<0.001) plasma γ-T concentrations from Phase 1 to Phase 5. An 
Interaction between fat sources and levels of dietary ATA on concentration of α-T in the 
muscle (P = 0.04), wherein α-T concentration in the muscle of pigs fed tallow diets 
increased in a larger slope (P < 0.04) along with the increasing dietary ATA 
supplementation compared to pigs fed corn oil added diets. Pigs fed tallow diets had higher 
α-T concentration in muscle (P < 0.01) and liver (P = 0.04). Significant effect of isoforms 
of tocopherol was detected on concentration of α-T in both muscle (P < 0.01) and liver (P 
< 0.01) with higher tissue α-T concentration in pigs fed ATA compared to pigs fed γ-T. An 
interaction between isoforms of tocopherols and fat sources was observed on α-T 
concentration in both muscle (P < 0.01) and liver (P = 0.03), wherein the difference was 
bigger in tallow groups compared to corn oil groups. Increasing dietary ATA also increased 
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SOD activity (quadratic, P<0.05; highest at 100 ppm), and decreased MDA content 
(quadratic, P<0.05; lowest at 40 ppm) in the liver. The FA profile in the backfat, belly fat, 
and liver was affected by fat source (P<0.05) but not VE treatment, pigs fed corn-oil-diets 
had less SFA (P=0.02) and MUFA (P<0.0001), but more PUFA (P<0.0001) than pigs fed 
tallow-diets in the backfat, belly fat, and liver. The shelf life of loin muscle measured as 
TBARS content was also improved (P < 0.01) when dietary ATA increased over 40 ppm. 
Under conditions of this study, both dietary fat source and VE supplementation affected 
the response measures. 
Keywords: fat, vitamin E, heavy slaughter weight pigs, isoforms, tocopherol 
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4.2 Introduction 
The pressure from increasing price of feed ingredients has driven producers to 
explore more and more by-products, among which the increasing use of distillers dried 
grains with solubles (DDGS), to as much as 30% in the diet, has created some pork quality 
issues. With the high content of unsaturated fatty acids (UFA) present in some by-products 
like DDGS, the increased use of these by-products can result in soft pork with big potential 
for oxidative problems in both the health of pigs and the resultant pork. If longer periods 
of feeding high polyunsaturated oils happen, such as in the case of increasing SLW in the 
future, a reduction in pork quality and product value might occur.  
Ellis and Hankins (1925) first reported the relationship between dietary FA 
composition and pork carcass firmness, which is now widely accepted that pork carcass fat 
is closely related to dietary FA profile (Kellner et al., 2014; Kellner et al., 2017). It is 
through the FA profile that dietary fat treatments affect the firmness and oxidative stability 
of pork since different FAs have different melting points and oxidative activity in meat. 
The oxidative stability of grilled chops and sausages from pigs fed diets with 2% rapeseed 
oil or 1% fish oil diet were lower than those from control pigs fed diets with 3% tallow-
soybean oil mixture (Leskanich et al., 1997). When Corino et al. (2002) supplied 3% fat 
supplementation from tallow, corn oil, and rapeseed oil to pigs from 25 to 160 kg, the 
oxidative stability of longissimus lumborum (LL) was lower in pigs fed corn oil compared 
to those fed tallow due to the increased content of UFA in pork (Corino et al., 2002). The 
TBARS concentration, a measurement of lipid oxidation, was significantly higher in 
muscle homogenates from pigs fed linseed oil (5%) compared to those from pigs fed olive 
oil (5%), indicating the lower oxidative stability of pork fed diets high in UFA (Nuernberg 
et al., 2005).  
The ability of both vitamin E (VE) and different FAs to be deposited directly or 
indirectly into different tissues and the chemical property of UFAs and VE provide a large 
opportunity for both chemical constituents to counteract each other in tissues. When the 
susceptibility of pork to lipid peroxidation and rancidity increased with high levels of 
PUFA and degree of unsaturation (Mitchaothai et al., 2007; Okrouhlá et al., 2010; Browne 
et al., 2013a), VE may contribute to reducing oxidative stress as an antioxidant, improving 
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the oxidative stability of pork and prolonging fresh pork shelf life (Boler et al., 2009). 
Wang et al. (2012) found that supplementation with high levels of VE decreased TBARS 
value of meat produced with high DDGS diets (30% highest) on 4, 7, 10 and 13 d post-
slaughter. Therefore, improving dietary VE levels could increase lipid stability of increased 
UFAs caused by the change in dietary FAs (Guo et al., 2006). Another study has also 
indicated that the high content of UFA in DDGS favored lipid oxidation by increasing 
PUFA content in the muscle, while increased VE slowed the oxidation down (Wang et al., 
2012).   
Even though some published research has demonstrated a lack of additivity or 
interaction on immune response between fat sources and VE supplementation in pigs 
(Lauridsen, 2010), research in humans and fish showed some evidence of additive or 
interactive effect (Gogos et al., 1998; Jenkinson et al., 1999). When rainbow trout were fed 
with diets containing three levels of dietary VE (0, 100 or 1000 ppm ATA) and n-3 PUFA 
either at 20 or 48% of dietary lipid, both humoral and cellular immune functions 
deteriorated in fish fed VE deficient diets whereas improvement in most parameters 
corresponding to supplementation of supra-nutritional levels of VE were observed, and the 
research clearly indicated the role of VE in maintaining the immune functions in fish in 
relation to dietary n-3 PUFA (Puangkaew et al., 2004). 
Therefore, the objective of the current study was to evaluate the effect of two fat 
sources that differed in FA profile on carcass characteristics and meat quality of pigs grown 
to heavy SLW and its potential interaction with the form and level of VE, with an 
expectation of contribution to an increased understanding of performance and health of 
animals taken to heavier SLW, strategies to improve pork quality, and efficiency of fat and 
VE utilization.  
4.3 Experimental procedures 
This experiment was carried out in an environmentally controlled room at the 
University of Kentucky Swine Research Center. The animal slaughter and sample 
collection were performed at the University of Kentucky Meats Science Laboratory. The 
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experiment was conducted under protocols approved by the Institutional Animal Care and 
Use Committee of the University of Kentucky. 
4.3.1 Animals, housing, management, and experimental design 
A total of 72 individually fed pigs (36 barrows, 36 gilts; 28.55 ±1.16 kg) were 
selected from a pool of 120 pigs, and blocked by sire, body weight, and sex, and then 
randomly assigned to individual pens. Pens were randomly assigned to one of the 12 dietary 
treatments in a 2 × 6 factorial arrangement. Fat treatments included tallow (TW) and 
distiller’s corn oil CO. Vitamin E treatments included four levels of ATA (11, 40, 100, and 
200 ppm) and two levels of mixed tocopherols (primarily γ-tocopherol; 40 and 100 ppm).  
Pigs were housed in a facility with completely slatted concrete flooring, with solid 
concrete alley in the middle. The room contained 72 pens. Each pen was equipped with a 
conventional feeder with lid to reduce feed waste. A stainless steel automatic pig nipple 
water drinker was provided in each individual pen. Feeder and drinker were checked daily 
to assure proper function. Feed troughs were cleaned weekly to avoid accumulation of 
fouled feed in the corner of the feeder. Feed and water were provided ad libitum. Pigs were 
switched to subsequent phase diets according to their body weight at the time of weighing 
each week. 
4.3.1.1 Isoforms of Vitamin E 
The ATA was supplied in the form of DL (all-rac)-α-tocopheryl acetate (ROVIMIX 
E 50 ADS, DSM Nutritional Products, Inc., GA US) in a dry form. The mixed tocopherols 
was supplied as Mixed Tocopherols 95 (DSM Nutritional Products, Inc., NJ US) in liquid 
form, which contained 0-15% α-tocopherol, less than 5% β-tocopherol, 55-75% γ-
tocopherol, and 20-30% δ-tocopherol.   
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4.3.1.2 Swine influenza vaccination 
As means of evaluating potential positive immune response, all pigs received two 
2 mL doses of a commercial swine influenza vaccine (FluSure XP, Zoetis INC, Kalamazoo, 
MI, US) administered intramuscularly on the right side of the neck, the two vaccinations 
were three weeks apart. This product contains four Influenza A Virus isolates including 
A/Swine/Iowa/110600/2000 (H1N1), A/Swine/Oklahoma /0726H/2008 (H1N2), 
A/Swine/North Carolina/394/2012 (H3N2), and A/Swine/ Minnesota/872/2012 (H3N2). 
Prior to injection, the freeze-dried vaccine was aseptically rehydrated with the 
accompanying adjuvant-containing sterile diluent. The first injection was on d 55 of the 
study, and the second injection was 3 weeks afterwards.  
A preliminary vaccination study was performed using 6 grow-finishing pigs around 
75 kg in a similar procedure as what was used for the actual study. The result of the 
preliminary study demonstrated measurable titers to the injections with the highest 
antibodies against each tested virus shown at day 14 after the second injection.  
4.3.2 Experimental diets 
The diets were corn-soybean meal based in mash form and fed for five weight 
phases including 25-50, 50-75, 75-100, 100-125 kg, and 125-150 kg, respectively. All 
experimental diets were formulated to meet or exceed NRC (2012) nutrient requirement 
estimates for grow-finishing pigs. Lysine levels for Phase 4 (100-125) were calculated with 
the formula provided by NRC (2012) and in Phase 5 (125-150) were chosen after 
consultation with industry nutritionists; the lysine level was higher in Phase 5 in Exp. 2 
than in Exp. 1. Pigs were slaughtered at ~150 kg. The fat inclusion level (5%) was based 
on the amount of corn oil that might be realized from an aggressive use of DDGS in the 
finishing diet. Formulas for each phase are listed in Table 4.1.  
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Table 4.1 Basal diet composition of diets with different fat sources1 and VE 
isoform/levels2 from Phase 1 to Phase 5 (as-fed basis) 
Ingredient, % Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
  Corn 62.85 69.55 73.81 77.04 80.17 
  Soybean meal, 48% CP 28.50 22.00 18.00 15.00 12.00 
  Fat (tallow or corn oil) 5.00 5.00 5.00 5.00 5.00 
L-Lysine HCL 0.22 0.24 0.21 0.17 0.22 
DL-Methionine 0.12 0.09 0.04 0.01 0.01 
L-Threonine 0.09 0.09 0.06 0.04 0.05 
Limestone 1.08 0.99 0.88 0.77 0.68 
Dicalcium phosphate 0.92 0.82 0.78 0.75 0.65 
Salt 0.50 0.50 0.50 0.50 0.50 
  Vitamin premix3 0.02 0.02 0.02 0.02 0.02 
  Trace mineral premix4 0.15 0.15 0.15 0.15 0.15 
  Choline5 0.03 0.03 0.03 0.03 0.03 
  Santoquin6 0.02 0.02 0.02 0.02 0.02 
  AB-207 0.50 0.50 0.50 0.50 0.50 
Total 100.00 100.00 100.00 100.00 100.00 
Calculated nutrient level, % 
  ME, Mcal/kg 3.47 3.49 3.50 3.50 3.51 
  CP, % 19.13 16.58 14.94 13.70 12.59 
  SID Lys 1.04 0.90 0.78 0.67 0.64 
  SID Lys/ME 2.99 2.58 2.22 1.92 1.82 
  SID Met 0.38 0.32 0.26 0.21 0.20 
  SID Cys 0.26 0.24 0.22 0.21 0.19 
  SID M+C 0.65 0.55 0.47 0.42 0.39 
  SID Arg 1.13 0.94 0.82 0.73 0.65 
  SID His 0.45 0.39 0.35 0.33 0.30 
  SID Ile 0.69 0.58 0.51 0.46 0.41 
  SID Leu 1.43 1.28 1.19 1.12 1.05 
  SID Phe 0.81 0.70 0.62 0.57 0.52 
  SID Tyr 0.53 0.45 0.40 0.37 0.33 
  SID P+T 1.34 1.15 1.03 0.94 0.85 
  SID Thr 0.67 0.58 0.50 0.44 0.41 
  SID Trp 0.20 0.17 0.14 0.13 0.11 
  SID Val 0.75 0.64 0.58 0.53 0.48 
  SID Ca 0.70 0.62 0.56 0.51 0.44 
  Total P 0.54 0.49 0.46 0.45 0.41 
  STTD P 0.32 0.29 0.27 0.26 0.23 
1 Fat treatment included corn oil and tallow.  
2 Dietary VE treatments including four levels of ATA (11, 40, 100, and 200 ppm) and two 
levels of mixed tocopherols (40 and 100 ppm) were applied to each basal diet. 
3 Supplied the following per kg of diet: 7,000 IU of vitamin A; 1,500 IU of vitamin D3; 2.0 mg of 
vitamin K; 0.03 mg of vitamin B12; 7.0 mg of riboflavin; 25.0 mg of pantothenic acid; 20.0 mg of 
niacin; 1.0 mg of folic acid; 2.5 mg of vitamin B6; 2.0 mg of thiamin; and 0.15 mg of biotin. 
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4 Supplied the following per kg of added fat diet: 50 mg of Mn as manganese hydroxychloride; 100 
mg of Fe as ferrous sulfate monohydrate; 125 mg of Zn as zinc hydroxychloride; 20 of Cu as 
tribasic copper chloride; 0.35 mg of I as calcium iodate; and 0.30 mg of Se as sodium selenite. 
5 Provided 150 mg per kg of choline to the final diet.  
6 Santoquin (Monsanto, St. Louis MO) supplied 130 mg/kg ethoxyquin to the final diet. 
7 Clay product from Prince Agri Products, Inc., Quincy IL. 
To prevent differences in non-treatment components of the diets, large quantities 
of the basal diet with one of the two fat sources (TW and CO) was firstly mixed, to which 
different VE treatments including 11, 40, 100, and 200 ppm ATA, 40 and 100 VE mixed 
tocopherol were then incorporated for each experiment, respectively.  
4.3.3 Data and sample collection 
4.3.3.1 Feed samples collection  
This experiment started in November 2017 and ended in March 2018, multiple 
batches of experimental diets were mixed for each of the five phases. Representative 
samples of corn, SBM, and mixed feed were collected at the feed mill for every batch of 
experimental diets. Feed samples were stored at 4 °C until analyzed. Content of VE, fat, 
crude protein (CP), calcium (Ca), phosphorus (P), and FA profile in each diet were 
analyzed for verification. 
4.3.3.2 Growth performance 
Body weight and feed disappearance were recorded biweekly to 108 kg and then 
weekly thereafter to calculate growth performance. Average daily gain (ADG), average 
feed intake (ADFI), and Feed/Gain (F/G) were then calculated.  
4.3.3.3 Blood sample collection 
Blood samples from each pig were collected initially and at the end of each phase 
by vena cava puncture. After the blood collection, whole blood was transferred to 16 × 100 
mm vacutainer tubes containing the anticoagulant heparin (Becton, Dickinson and 
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Company, Franklin Lakes, NJ) for plasma separation. All blood samples were immediately 
placed on ice and then transported to the laboratory. Plasma samples were obtained by 
centrifugation at 2500 × g for 20 minutes at 4°C; and then aliquoted into 1.5 mL Eppendorf 
Safe-Lock Tubes (Eppendorf North America, Hauppauge, NY), and stored at −80°C until 
analyzed. 
For the FluSure challenge treatments, blood samples were collected by vena cava 
puncture immediately prior to each injection and 14 days after the second vaccination. 
After the blood collection, whole blood was transferred to 16 × 100 mm serum separator 
tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) for serum separation. All 
blood samples were immediately placed on ice and then transported to the laboratory. 
Serum samples were obtained by centrifugation at 2500 × g for 20 minutes at 4°C; and then 
aliquoted into 1.5 mL Eppendorf Safe-Lock Tubes (Eppendorf North America, Hauppauge, 
NY), and stored at −80°C until analysis.  
4.3.3.4 Ultrasound carcass scans 
To measure backfat thickness and longissimus muscle (LM) depth, ultrasound 
carcass scans were performed a minimum of weekly from 114-150 kg (250 lbs to 330 lbs) 
using a real-time ultrasound (User’s Manual for AUSKey System; AUSKey System 
version 2.0; Animal Ultrasound Services, Ithaca, NY) by an experienced technician. LM 
area, carcass lean percentage, and daily lean gain were then calculated. 
4.3.3.5 Slaughter, carcass characteristic measurement and organ samples 
Pigs were slaughtered at about 150 kg live weight at the UK meat lab under USDA 
inspection. Pigs to be slaughtered were loaded onto a transport vehicle and then transferred 
to the UK meat lab following a trip of around 40 minutes. Pigs were then slaughtered after 
a rest of at least 30 minutes. The slaughter process included electrical stunning, 
exsanguination, dehairing, evisceration, and carcass washing.  
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During the process of slaughter, organs including liver, heart, kidney, spleen, and 
lungs were obtained and their weights recorded. Samples of liver (only left lateral lobe), 
heart, and kidney were collected within 20 minutes after evisceration, bagged with 
moisture barrier bags, flash frozen with liquid nitrogen, and then stored at -80 °C for further 
analysis for tocopherol concentrations, fat content, and FA profiles (liver only). Then, 45 
min pH of loin muscle at the 10th rib and count of ribs were measured in the meat cooler 
with an Accumet 50 pH meter (Fisher Scientific, Fairlawn, NJ, USA).  
Measurements including hot and cold carcass weight, carcass length, backfat depth 
at 4 locations (1st rib, last rib, 10th rib and last lumbar), primal cut weights, depth of belly, 
Longissimus dorsi muscle dimensions, and 24 hr pH were performed according to the 
methods described by McClelland et al. (2012). Briefly, hot carcass weight (HCW) was 
recorded immediately after harvest to calculate dressing percentage [(HCW/BW) × 100)]. 
Following a 24-h chill (4°C), carcass weight, fat depth at the 10th rib, 1st rib, last rib, and 
last lumbar were measured. Carcass length was measured from the anterior edge of the 
symphysis pubic to the recess of the first rib. In addition, the Boston butt (IMPS #406), 
shoulder picnic (IMPS #405), loin (IMPS #412), and belly (IMPS #408; squared at each 
end) and spare ribs were removed, and weighed individually according to Institutional 
Meat Purchasing Specifications (North American Meat Processors Association, 2010). 
Bellies were then measured for thickness in 6 locations from the shoulder to flank end 
before being boxed, and then frozen (-22°C) until further analyses. Longissimus dorsi 
muscle area (LMA) and 24-hour pH were also measured from the left side of each carcass 
according to methods described by NPPC (2000). The 24-hour pH were measured with an 
Accumet 50 pH meter (Fisher Scientific, Fairlawn, NJ, USA). 
Belly flex was measured to determine belly firmness using an objective flex test 
equipment developed by Rentfrow et al. (2003). The detailed procedure for this 
measurement was previous described by Cromwell et al. (2011). Briefly, as the spareribs, 
related cartilage and remaining leaf fat were removed, the bellies were squared. The chilled, 
fresh bellies with the skin on were then centered, fat side down, on a 7.5-cm diameter 
polyvinyl chloride pipe mounted perpendicular to a board marked with a 2.54-cm grid 
matrix. Lateral and vertical flexes were determined from the degree of belly flex relative 
to the grid matrix. A vertical belly flex of zero meant the belly was parallel to the floor and 
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completely stiff. A lateral belly flex of 10 cm meant that the belly flexed to a point where 
there was 10 cm between the end of the squared belly and a vertical line directly below the 
center of the supporting polyvinyl chloride pipe. A smaller lateral flex and a greater vertical 
flex indicated a softer, more flexible, belly. The belly flex measurements were determined 
in a room maintained at 7°C. 
4.3.3.6 Tissue sample collection 
After a 24-h cooler chill, fat samples from the 10th rib backfat and the belly area 
even with the 1st rib (which is called the manubrium area of the belly, where IV is often 
measured) were taken during the process of primal cut division. These samples were used 
for FA analysis by GC and the calculation of IV value. The fat samples were vacuum 
packaged, and then stored at -80oC until transport to University of Georgia for FA profile 
analysis.   
Loin samples were also obtained after finishing the measurements of primal cuts. 
Two 2.54-cm chops of loin sample (around 200 g each) located at the 10th rib were collected, 
vacuum packaged and stored (-22°C) until further analysis for tocopherol concentrations. 
4.3.3.7 Meat quality measurements 
48-hr drip loss
As soon as primal cut measurements were finished, slices of loin muscle (~1.2 cm 
in thickness, and around 100 g) were obtained posterior to the 10th rib location. Drip loss 
was determined by suspending the sample from a hook in darkness, covered by black 
plastic bag, and stored at 4 °C for 48 hours. The samples were weighed before and after 
the process, drip loss percentage was determined by the equation: 
Drip loss (48 hours, %) = (Initial weight – 48 hours weight)/Initial weight × 100 
Subjective meat quality evaluation 
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Upon the finish of the process for determining primal cuts, another 2.54-cm chop 
of loin sample was cut out from similar position of loin muscle between 7th and 8th rib. The 
loin samples were then placed on foam trays, and overwrapped in Polyvinyl Chloride (PVC) 
film. Subjective color and marbling scores (NPPC, 1999); and subjective firmness were 
then evaluated by a single trained individual. National Pork Producers Council (NPPC) 
color scale (1-5) were used for color evaluation: 1= pale pinkish to white; 5 dark purplish 
red. Similarly, NPPC marbling scale (1-5, percentage fat in the loin muscle), and NPPC 
firmness scale (1-5, 1= very soft; 5 = very firm) were used. Afterwards, trays were then 
placed under fluorescent lighting at 4 °C to mimic retail conditions. 
Purge loss 
About 10-cm chops of loin samples posterior of the 10th/11th rib interface 
(Longissimus lumborum) were obtained and weighed prior to being vacuum packaged, 
boxed, and stored under refrigeration (4°C) for 30 days to simulate the period of time 
between the packing plant and the retail grocery store.  Loin samples were reweighed at 
day 7, 14, and 30 to determine purge loss at each stage to help determine when the majority 
of weight is lost during storage. Each time the samples were weighed, loin muscle samples 
were taken out of the vacuum package, surface water was removed with a paper towel, the 
weight was recorded, and then the loin muscle samples were vacuum packaged again. All 
the sample handling was conducted in a cooler (4°C).  
Instrumental color 
The vacuum packed frozen loin samples were thawed at 4 °C overnight, the thawed 
loin samples were then moved to commercial retail package which was white foam tray 
overwrapped by PVC film with an absorbent pad underneath the loin sample. Objective 
color measurements were made using a HunterLab LabScan XE colorimeter (Hunter 
Associates Laboratory, Reston, VA) with 2.54-cm diameter aperture, illuminant A, and 10° 
standard observer was used to measure CIE lightness (L*) and redness (a*) values from 3 
random locations on the light-exposed surfaces (American Meat Science Association, 
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2012). The instrument was standardized before the analysis with black and white tilers that 
had been overwrapped with PVC film to adjust for the PVC cover upon the meat. Spectral 
reflectance was determined every 10 nm over the 400-700nm range. Observations were 
made at retail display days (1, 3, 5, and 7). Samples were stored under darkness at 4 °C. 
The a*/b* ratio, hue angle (tan−1(b*/a*)) and chroma (√𝑎∗2 + b∗2) were calculated to show
the development of color from red to yellow.  
Oxidative stability 
Lipid oxidation was determined utilizing the distillation method to analyze 
thiobarbituric acid reactive substances (TBARS) as described in Canto et al. (2016). Briefly, 
a 5 g surface loin sample from each day at display was homogenized with 22.5 mL of 11% 
trichloroacetic acid solution (TCA) and filtered through Whatman no. 1 paper. Two ml of 
filtrate was mixed with two mL of aqueous solution of thiobarbituric acid (20 mM), and 
incubated at room temperature for 20 h. The absorbance values at 532 nm were then 
measured utilizing a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). 
The value of concentration of thiobarbituric acid reactive substances (TBARS) was 
calculated from a standard line based on known concentration of a standard 
malondialdehyde (Cayman, Ann Arbor, MI).  
4.3.4 Sample processing and laboratory analysis 
4.3.4.1 Fat sources and diet analysis  
Samples of different fat sources were analyzed for FA profile, moisture, free fatty 
acids, unsaponifiables, and insolubles at the N. P. Analytical Laboratories (St. Louis, MO). 
Samples of fats were saponified with sodium hydroxide and methyl esters of the fatty acids 
were formed by reaction with boron trifluoride/methanol. Fatty acid methyl esters were 
then separated by GC and the GC peak area percent of each fatty acid methyl ester were 
calculated as a percent of the total area of all fatty acid methyl esters. To determine free 
fatty acid content of the fat, fat was titrated. A portion of extracted fat was dissolved in hot, 
neutralized ethanol. The solution was quickly titrated with standardized sodium hydroxide 
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solution. Percent free fatty acids was calculated from the number of equivalents of 
standardized base it took to neutralize the sample, and the molecular weight of the 
particular acid in which terms the results were expressed. Unsaponifiable matter includes 
substances frequently found in fats and oils that cannot be saponified by caustic alkalai but 
are soluble in ordinary fat solvents, including such components as higher aliphatic alcohols, 
sterols, pigments, polymerized fats, and hydrocarbons. To measure unsaponifiable matter, 
a portion of sample was saponified with hot ethanolic potassium hydroxide, after which 
the digested sample was diluted with alcohol and water, and shaken with portions of 
petroleum ether, extracting unsaponified matter that is ether soluble. The ether extract was 
then rinsed free of caustic, taken to dryness, and weighed. The residue was then dissolved 
in warm, neutralized, ethanol (with phenolphthalein indicator), and titrated with dilute 
sodium hydroxide to the phenolphthalein endpoint. The weight of the residue, corrected 
for weight of fatty acids present (using the mls of titrant it took to achieve the endpoint), 
was calculated as percent unsaponifiable matter.  
Diet samples were analyzed for dry matter (DM), CP (or N x 6.25), Ca, and P for 
mixing verification. Dry matter was assessed according to the AOAC (1990) methods, 
involving overnight drying (105 °C) of the samples in a convection oven (Precision 
Scientific Co., Chicago, IL). Nitrogen was measured using Dumas methodology in an 
automatic nitrogen analyzer (Model FP 2000, LECO Corp., St. Joseph, MI). Around 4 g of 
feed samples were placed in an ash furnace at 550°C for 3 h, and then dissolved in 40 mL 
of 1:3 hydrochloric acid/water on a hot plate that was preheated to 600°C. The solution 
was quantitatively transferred to 250 mL volumetric flask, brought to volume with 
deionized water and mixed thoroughly. Ca was assessed by flame atomic absorption 
spectrophotometry (Thermoelemental, SOLAAR M5; Thermo Electron Corp., Verona, WI) 
according to a modification of an AOAC (1990) procedure (method 975.03B). Phosphorus 
was assessed by a gravimetric method (modification of method 968.08; AOAC, 1990). 
Dietary VE was determined with a normal phase HPLC system using fluorescence 
detection according to modification of an AOAC (1990) procedure (method 971.30). 
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4.3.4.2 Blood parameters 
Antioxidant measurements including SOD activity, malondialdehyde (MDA) 
content, glutathione (GSH), and glutathione disulfide (GSSG) concentration were analyzed 
in liver. Prior to analysis, around 0.5 grams sample from similar location of liver was 
homogenized with 5 ml cold buffer (50 mM phosphate, pH 6-7, containing 1mM EDTA). 
The sample homogenized was prerinsed with a PBS solution (phosphate buffered saline, 
pH 7.4) to remove any red blood cells and clots.  
Liver SOD activity was measured with the same assay kits used for plasma SOD. 
The content of the lipid peroxidation product MDA was determined using a commercial 
assay kit (Cayman, Ann Arbor, MI) according to the manufacturer’s instruction, which 
used the method of MDA-TBA adduct, where the adduct formed by MDA and TBA under 
high temperature (90-100 °C) is measured colormetrically at a wavelength of 540 nm.  
GSH and GSSG were determined by the same commercial assay kit (Cayman, Ann 
Arbor, MI) using end point method, which utilizes an enzymatic recycling method using 
glutathione reductase. For the analysis of GSH in the supernatant of liver homogenization, 
the supernatant was deproteinized with MPA reagent (0.1 g/ml metaphosphoric acid, 
Sigma-Aldrich, item No. 239275), after which TEAM reagent (4M triethanolamine, 
Sigma-Aldrich, item No. T58300) was added to create an appropriate reaction environment 
for GSH assay. While for the analysis of GSSG, a 1M solution of 2-vinylpyridine (Sigma-
Aldrich, item No. 13229-2) was needed to derivatize GSH firstly before assay reaction.    
4.3.4.3 Analysis of concentrations of different isoform of tocopherols in oil, plasma, 
liver, and loin muscle 
The concentration of different isoform of tocopherols in plasma, liver, and loin 
muscle samples was determined by the DSM research laboratory in Switzerland. Briefly, 
plasma or oil samples were vortex mixed with milli-Q water and ethanol. Tocopherols were 
extracted from the aqueous suspension with hexane/BHT using homogenizer. The tissue 
sample was saponified with potassium hydroxide solution in methanol. Tocopherols were 
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extracted from the saponified mixture with hexane/toluene. After centrifugation, an aliquot 
of the organic phase was injected onto a normal-phase HPLC system consisting of an auto-
sampler, pump and fluorescence detector. A LichrosorbTM Si 60 normal-phase column (250 
mm × 4 mm i.d.; particle size, 5 μm) was used. The mobile phase was a solution of 4.5% 
dioxane in hexane. The retention times for α-, β-, γ- and δ-tocopherol were determined 
respectively with purified tocopherols of different isoforms with >95 % purity from 
commercial sources. Quantification was performed by applying an external calibration. 
4.3.4.4 Fatty acid composition 
Samples were analyzed for FA composition (including diets, liver, belly fat, and 
backfat tissues) at the University of Georgia. FA profiles were determined by gas 
chromatography, using a Shimadzu gas chromatograph (Model 14 A, Columbia, MD) with 
a flame ionization detector, the procedure was modified from Park and Goins (1994). 
Details on the procedure are described in Cromwell et al. (2011). Approximately 2 g of 
each non-fat-added diet sample, 1 g of each fat-added diet sample, 100 mg of each adipose 
sample, and 2.0 g of liver were used for analysis. After thawing, the fat cores of back fat 
tissues were trimmed free of lean and skin, and separated into the outer layer and inner 
layer of fat. Samples were processed through a 2-step methylation procedure. The first step 
was heating in 0.5 N sodium methoxide in methanol for 30 minutes at 90 C, followed by 
the addition of boron trifluoride in methanol and heating for another 20 minutes. Methyl 
esters were then isolated in hexane and at the same time anhydrous sodium sulfate was 
added to remove any residual water. The processed samples were stored at 4oC until 
analyzed. Tridecanoic acid (2 mg/ml in methanol) was used as the internal standard. Fatty 
acid methyl esters were separated on a Phenomenex, ZB Wax Plus wide-bore capillary 
column (Phenomonex, Torrance, CA) with nitrogen as the carrier gas. Initial column 
temperature was 160°C which was held for 10 minutes and increased at a rate of 5°C 
/minute to 220°C. Injector temperature was 250°C and detector temperature was 260°C. 
Peaks were identified by comparison of retention times of known standards. Quantification 
was corrected for recovery of the internal standard and is based on the reference standard. 
The minimum detection limit for FAs was set at 0.01%; relative percentages of FAs 
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detected below this level were denoted as not detected (ND). The iodine value (IV) of fat 
sources and tissue was calculated using the equation below (Meadus et al., 2010), which is 
modified from the recommended method of AOAC.  
IV = (C16:1 × 0.95) + (C18:1 × 0.86) + (C18:2 × 1.732) + (C18:3 × 2.616) + (C20:1 
× 0.795) + (C20:2 × 1.57) + (C20:3 × 2.38) + (C20:4 × 3.19) + (C20:5 × 
4.01) + (C22:4 × 2.93) + (C22:5 × 3.68) + (C22:6 × 4.64) 
4.3.4.5 Serological test 
Serum samples were sent to the Veterinary Diagnostic Laboratory at the University 
of Minnesota for serology test. They were firstly analyzed to screen the existence of 
antibodies to Swine influenza A virus with enzyme-linked immunosorbent assays (ELISA), 
the results were expressed as the ratio of ELISA optical densities for the specimen and the 
negative control (S/N) with a similar way used by Tse et al. (2012). Concentrations of 
antibodies to  three popular virus including IAV-S H3N2 Cluster IV, IAV-S Zoetis gamma 
H1 XP-012, and IAV-S  Zoetis Delta 1 726H H1N2 were then measured using 
hemagglutination inhibition (HI) method respectively.  
4.3.5 Statistical analysis 
Prior to analyses, all data was evaluated to identify any potential statistical outliers 
according to the test published by Barnett and Lewis (1974). Briefly, if a set of data from 
low to high: XL, X2, ….XH, and the average and standard deviation are calculated, then 
suspected high or low outliers can be tested by the following procedure. First, calculate the 
statistic T: T = (XH -Mean)/s for a high value, or T = (XL – Mean)/s for the low value 
(where s refers to the standard deviation). Second, compare the value of T with the value 
from critical values for 95% confidence interval (under condition of this study, the critical 
value is 2.03.) If the calculated T is larger than the critical value for the measurement, then 
the XL or XH is an outlier at the level of 5% significance. Potential outliers were then 
evaluated by reviewing study notes for that animal as well as response measures and 
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laboratory values for other animals on that particular dietary treatment to determine if the 
value would be excluded from the data set. 
Data analysis were performed in SAS (SAS Inst. Inc., Gary, NC) by least squares 
analysis of variance using the generalized linear model (GLM) as a randomized complete 
block design. The individual pig served as the experimental unit.  
For the analysis of factorial arrangement of levels of ATA and fat sources, the initial 
model used was:   
Y = µ + Sl + Bi(l) + Vj + SVlj + BVij(l) + Fk + FSlk+ FBik(l) + VFjk + SVFljk + BVFijk(l), 
In this equation, the parameters represent: 
Y = response variables (ADG, ADFI, F/G, plasma VE concentration, tissue VE 
concentration, antioxidant measurement, meat quality measurement, and FA profile 
in different tissues), 
µ = overall population mean 
Sl = sex (male or female),  
Bi(l) = block (i=1, 2, 3….6), 
Vj = VE level (11, 40, 100, or 200 ppm), 
Fk = fat sources (TW or CO).   
Because some interactions with block or sex were not significant, they were pooled 
into the overall residue error, the model was simplified as:  
Y = µ+ Sl + Bi(l) + Vj + Fk + VFjk + SVlj + SFlk + Ɛm(ijkl). 
When interaction between main effects was significant, further contrasts between 
each two treatments were performed to analyze the treatment effects. In addition, plasma 
VE concentrations and shelf life data were also analyzed as repeated measures to determine 
the response trends over time. Regression and contrasts were also performed as necessary 
when interactions between time and main effect were observed.  
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For analysis of the comparison of different isoforms of tocopherols and fat sources, 
the initial model to be used was: 
Y = µ + Sl + Bi(l) + Im + SIlm + IBim(l) + Vj + SVlj + BVij(l) +SIVlmj + IVmj + BIVijm(l) 
+ Fk + FSlk+ FBik(l) + VFjk + SVFljk + BVFijk(l) + FImk + IVFmjk + SIVFlmjk
In this equation, the parameters represent: 
Y = response variables (ADG, ADFI, F/G, plasma VE concentration, tissue VE 
concentration, antioxidant measurement, meat quality measurement, and FA profile 
in different tissues) 
µ = overall population mean 
Sl = sex (male or female),  
Bi(l) = block (i=1, 2, 3….6), 
Vj = VE level (40, or 100),  
Fk = fat sources (TW or CO),   
Im = Isoforms of tocopherol (ATA or mixed tocopherol). 
Because some interactions were not significant, they were pooled into the overall 
residue error, the model was simplified as: 
Y = µ + Sl + Bi(l) + Im + SIlm + Vj+ IVmj + SVlj + Fk + VFjk +  FSlk + FImk + Ɛ m(ijkl) 
Statistical differences were established at P ≤ 0.05, tendencies were established at 
P ≤ 0.10. Sex effect was expected, but is not discussed in the result description in this 
chapter. P-values for sex and related interactions are listed in Appendix (values greater 
than 0.10 are replaced as “-”). In the result table, all P-values greater than 0.20 were 
replaced as “-”. For evaluation of ATA levels and fat sources, P-values for main effects are 
provided, significant interactions (P ≤ 0.05) between levels of dietary ATA and fat sources 
are superscripted in the table. For evaluation of isoforms, because P-values for effects of 
dietary VE level and fat sources and their interactions have been provided previously, only 
P-values for effects of isoform and its interaction with main effects including levels of
dietary VE and fat sources are provided in the tables.  
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4.4 Results  
4.4.1 Fat quality and analyzed nutrient content in the diet 
As shown in Table 4.2, apart from unexpected high free fatty acids in the distiller’s 
corn oil (as high as 10%), the FA profile of each fat sources was as expected. Corn oil had 
a higher content of UFAs especially PUFAs, which was as high as 53%. Tallow had a much 
lower content of UFAs but higher content of MUFA and SFA than corn oil.   
The analyzed nutrient levels, FA profile, and VE content are listed in Table 4.3 and 
Table 4.4 respectively. The fat in the ingredients especially corn made the total dietary fat 
content around 7%, the dietary FA profiles were the result of both the 5% added fat and 
the ~2% oil in the basal diet. The differences in FA profile were as expected, wherein the 
distiller’s corn oil group had the higher content of PUFA, while the tallow group had the 
higher content of MUFA and SFA.  
The content of different isoforms of VE in each diet was as expected. Also, the 
appearance of γ-tocopherol in all the diets was partly from the fat sources and the 
indigenous content in the corn, the general trend of γ-tocopherol concentration in each diet 
was as designed. The γ-tocopherol in the diet came from the mixed tocopherols 
(approximately 50% γ-tocopherol) after subtracting γ-tocopherol from the basal diet. 
However, the content of β-tocopherol in the diets seemed not to be in agreement with the 
analyzed content of β-tocopherol in the fat sources, where tallow should have more β-
tocopherol than corn oil, while the dietary analyzed value showed a reversed result that 
corn oil diets had more β-tocopherol. Considering the relatively low content of β-
tocopherol, and the fact that these analyses were finished at different labs from DSM, 
potential lab to lab error existed, and need to be further confirmed. 
179 
Table 4.2 Characteristics of different fat sources (as is basis) 
Measurements1, % Distiller’s corn oil Tallow 
Moisture 0.24 0.81 
Free fatty acid (calc. as Oleic Acid) 10.25 4.24 
Unsaponifiable Matter 1.90 0.33 
Insoluble  < 0.10 0.14 
Trans Fatty acid 0.08 4.74 
Total fat 97.30 96.70 
Fatty acid profile, % 
  C6:0 Caproic < 0.10 < 0.10 
  C8:0 Caprylic < 0.10 < 0.10 
  C10:0 Capric < 0.10 < 0.10 
  C12:0 Lauric < 0.10 < 0.10 
  C14:0 Myristic < 0.10 2.88 
  C16:0 Palmitic 12.73 24.30 
  C16:1n7 Palmitoleic 0.12 2.89 
  C17:0 Margaric < 0.10 1.32 
  C18:0 Stearic 2.11 19.85 
  C18:1n9T Elaidic < 0.10 4.68 
  C18:1n9C Oleic 26.30 34.25 
  C18:1n7C Vaccenic  0.99 1.44 
  C18:1 other cis isomers < 0.10 0.77 
  C19:0 Nonadecanoic < 0.10 0.20 
  C18:2 Other trans isomers < 0.10 0.31 
  C18:2n6 Linoleic 54.55 2.44 
  C20:0 Arachidic 0.38 < 0.10 
  C18:3n6 Gamma Linolenic < 0.10 < 0.10 
  C20:1n9 cis Eicosenoic  < 0.10 < 0.10 
  C18:3n3 Linolenic 2.01 0.35 
  C20:2n6 Eicosadienoic < 0.10 < 0.10 
  C20:3n6 Homo-Gamma-Linolenic 0.15 < 0.10 
  C20:5n3 Eicosapentaenoic 0.20 < 0.10 
  Others 0.37 2.93 
  Saturated Fatty acids 14.00 45.70 
  Monounsaturated fatty acid 25.30 36.65 
  Polyunsaturated fatty acid 53.00 2.75 
Tocopherols, 𝜇g/ml 
  α-tocopherol 136.04 58.93 
  β-tocopherol LLQ 7.15 
  γ-tocopherol 481.29 365.00 
  δ-tocopherol 25.26 119.48 
  Total 642.59 550.56 
1 Value for fatty acid profile are average of two samples 
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Table 4.3 Analyzed nutrient levels1 of the two basal diets from Phase 1 to Phase 5 (as-fed 
basis) 
Fat sources 
Phases Measurements, % Tallow Corn oil 
Phase 1 Lipid 7.11 7.09 
Crude protein 18.37 18.58 
Calcium 0.79 0.79 
Phosphorus 0.56 0.55 
Phase 2 Lipid 7.53 7.16 
Crude protein 16.37 16.35 
Calcium 0.69 0.65 
Phosphorus 0.51 0.50 
Phase 3 Lipid 7.02 7.23 
Crude protein 15.05 14.77 
Calcium 0.62 0.66 
Phosphorus 0.50 0.51 
Phase 4 Lipid 7.13 7.08 
Crude protein 13.59 13.66 
Calcium 0.58 0.59 
Phosphorus 0.46 0.48 
Phase 5 Lipid 7.20 7.11 
Crude protein 12.56 12.69 
Calcium 0.54 0.51 
Phosphorus 0.45 0.44 
1 Values are average of 6 samples analyzed in duplicate. 
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Table 4.4 Average fatty acid profile1 and VE content of diets from Phase 1 to Phase 5 (as fed basis) 
Fat sources: Tallow Corn oil 
Isoforms: ATA γ-T ATA γ-T 
Level, ppm: 11 40 100 200 40 100 11 40 100 200 40 100 
Lipid, % 7.10 7.32 7.20 7.36 7.12 7.09 7.13 7.31 7.04 7.12 6.99 7.21 
Fatty acid profile, % 
  C14 2.07 1.96 2.04 1.98 2.01 2.04 0.06 0.05 0.05 0.05 0.05 0.05 
  C14:1 0.38 0.36 0.38 0.37 0.37 0.37 0.00 0.00 0.00 0.00 0.00 0.00 
  C16 21.19 20.65 21.10 20.72 20.96 21.01 12.31 13.15 13.20 13.22 13.22 13.18 
  C16:1 1.92 1.83 1.89 1.85 1.87 1.89 0.19 0.18 0.18 0.18 0.18 0.18 
  C17 0.87 0.83 0.86 0.84 0.87 0.87 0.09 0.08 0.08 0.08 0.08 0.08 
  C18 13.84 13.31 13.85 13.46 13.56 13.68 2.12 2.06 2.07 2.06 2.05 2.05 
  C18:1 35.09 34.69 35.16 34.84 34.88 34.86 26.23 25.92 25.87 26.03 26.03 26.16 
  C18:2 20.34 21.93 20.62 21.69 21.46 21.00 55.56 55.33 55.16 55.21 55.18 55.10 
  C18:3n3 1.09 1.02 1.09 1.08 1.11 1.10 2.15 2.13 2.17 2.10 2.10 2.07 
  C18:3n6 0.15 0.18 0.17 0.16 0.18 0.16 0.01 0.01 0.01 0.02 0.01 0.01 
  CLA 0.32 0.32 0.33 0.33 0.30 0.33 0.09 0.09 0.08 0.09 0.08 0.10 
  C20 0.36 0.36 0.23 0.26 0.23 0.31 0.55 0.41 0.49 0.40 0.38 0.43 
  C20:1 0.59 0.80 0.55 0.65 0.55 0.69 0.57 0.49 0.55 0.50 0.54 0.47 
  C20:3 0.06 0.06 0.06 0.15 0.06 0.04 0.02 0.03 0.01 0.01 0.01 0.02 
  ∑SFA 38.67 37.44 38.40 37.57 37.95 38.22 15.12 15.76 15.90 15.81 15.79 15.80 
  ∑MUFA 38.46 38.14 38.45 38.17 38.13 38.29 27.03 26.63 26.64 26.75 26.79 26.85 
  ∑PUFA 21.97 23.51 22.26 23.42 23.11 22.63 57.84 57.59 57.44 57.43 57.40 57.31 
  IV 72.50 74.84 73.02 74.82 74.24 73.50 125.34 124.54 124.31 124.33 124.31 124.20 
Tocopherol isoforms, ppm 
  Acetate 12.60 33.00 87.80 171.00 NMA NMA 14.40 42.40 96.60 192.60 NMA NMA 
  Alpha 5.00 6.40 5.00 4.40 7.75 12.80 11.20 10.00 11.00 11.00 13.00 19.20 
  Beta 1.25 2.00 1.20 1.20 1.20 1.40 4.50 4.25 4.75 4.50 4.50 4.75 
  Gamma 25.80 31.80 24.20 23.60 46.40 76.60 38.20 34.00 36.20 36.00 53.00 86.80 
  Delta 7.40 8.80 6.80 6.20 13.60 30.00 4.80 6.20 6.20 6.40 13.20 28.00 
1 Values are average of diets from 5 phases, each sample was analyzed in duplicate, and the details are listed in Appendix Table A.1.6 
to 1.10. NMA, not measurable amount. 
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4.4.2 Growth performance 
As shown in Table 4.5, no significant interaction between fat sources and levels of 
ATA was detected on the growth performance of each phase.  
Increasing dietary ATA supplementation linearly improved ADG and ADFI during 
Phase 1 (28-50 kg, P < 0.05), Phase 3 (75-100 kg, P < 0.05) and Phase 4 (100-125 kg, P < 
0.10), but did not affect F/G. Interaction between isoforms of VE and level of VE was 
observed on ADFI during Phase 2 (P = 0.02) and Phase 3 (P = 0.02), where increasing 
dietary ATA from 40 to 100 ppm increased ADFI while increasing γ-tocopherol from 40 
to 100 ppm did not affect ADFI and even numerically decreased ADFI.    
Pigs fed CO diets tended to have a higher ADG during Phase 4 (P = 0.07), and 
higher ADFI during Phase 1 (P = 0.10) and Phase 5 (P = 0.10) compared to pigs fed TW 
diets. During Phase 3 and Phase 5, a tendency for interaction (P < 0.10) between isoforms 
for VE and fat sources on F/G, and between isoforms of VE and levels of dietary VE on 
ADG were observed. Single degree of freedom contrast between the two isoforms of 
tocopherol showed that pigs fed γ-T had higher ADFI in Phase 3 (P = 0.03), and higher 
F/G in Phase 5 (P = 0.03), also tended to have higher ADG in Phase 3 (P = 0.06) than pigs 
fed ATA when dietary tocopherol was at 40 ppm. But this effect was not observed in pigs 
fed CO diets or when dietary γ-T increased to 100 ppm. 
For the cumulative growth performance as listed in Table 4.6, increasing dietary 
ATA linearly increased overall ADG (P=0.02) from 28 to 150 kg, the linear increase was 
present since Phase 2 (P = 0.06). Interactions between fat sources and ATA were observed 
on cumulative ADG during Phase1-3 (28-100 kg; P=0.04) and Phase1-4 (28-125 kg; 
P=0.03) wherein pigs fed CO diets, but not TW diets, had increased ADG with increased 
dietary ATA. A similar response was observed in ADFI, a linear increase in ADFI with 
increasing ATA levels from 11 to 200 ppm during Phase 1-5 (P < 0.01), which started from 
Phase 2 (P = 0.06). Interactions between fat sources and ATA were observed on cumulative 
ADFI during Phase 1-3 (P=0.02) and Phase 1-4 (P=0.02) wherein pigs fed CO diets, but 
not TW diets, had increased ADFI with increased dietary ATA.  
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Interaction between isoforms of VE and level of VE was observed on ADFI during 
Phase 1-2 (P = 0.06), Phase 1-3 (P = 0.02), and Phase 1-4 (P = 0.04), where increasing 
dietary ATA from 40 to 100 ppm increased cumulative ADFI while increasing γ-T from 
40 to 100 ppm did not affect ADFI and even numerically decreased cumulative ADFI. 
4.4.3 Carcass traits and primal cut 
The results of carcass traits are listed in Table 4.7. No interactions between fat 
sources and VE supplementation on carcass traits were detected. There were no significant 
differences in SLW, HCW, CCW, dressing percentage, shrink loss, and carcass length 
among different treatments. Increasing dietary ATA from 11 to 200 ppm increased 45-min 
pH (quadratic, P < 0.01) and 24-hour pH  (quadratic, P = 0.01), but did not affect the pH 
change over the 24h chilling after slaughter. Backfat depth, loin muscle dimension, and 
loin muscle area did not differ (P > 0.05) among different dietary treatments. Pigs fed TW 
had greater belly depth (P = 0.01) than pigs fed CO.  
Results of primal cut weights are provided in Table 4.8. With increasing dietary 
ATA level, belly yield decreased in both absolute weight (linear, P = 0.02) and relative 
weight (linear, P = 0.02). Pigs fed γ-T had less belly yield in absolute weight (P = 0.04) 
and relative weight (P = 0.07) than pigs fed ATA. The effect of fat sources was only 
observed on the relative weight of loin (P = 0.03), wherein pigs fed TW had greater relative 
weight of loin than pigs fed CO diets. Other than that no effects of dietary treatment was 
observed on primal cut.  
184 
Table 4.5 Effect of different fat sources and VE supplementation on growth performance1 of pigs during each phase 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level Fat  Isoforms
3 
Phases Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Body weight, kg 
  Initial TW 28.27 29.03 28.58 28.27 28.50 28.95 - - - - - - 
CO 27.82 27.90 28.88 28.80 28.27 29.33 
  Phase 1 TW 53.22 51.18 53.30 52.69 53.22 52.31 0.03 - - - - - 
CO 51.26 51.33 52.09 54.73 51.48 52.84 
  Phase 2 TW 73.33 74.01 75.22 72.95 74.62 74.31 - 0.14 - - 0.13 - 
CO 74.46 73.10 75.07 74.46 75.30 74.62 
  Phase 3 TW 98.43 99.06 99.03 101.38 98.58 99.87 0.02 - - 0.18 - - 
CO 98.28 97.67 98.43 100.02 99.03 100.62 
  Phase 4 TW 123.38 123.74 122.55 123.07 123.53 122.62 - - 0.10 - - - 
CO 123.60 123.68 124.96 125.42 124.06 125.12 
  Phase 5 TW 146.28 148.23 147.49 144.92 145.23 147.51 - - 0.16 - - - 
CO 149.16 148.78 148.02 151.12 149.08 148.25 
Average daily gain, kg/d 
  Phase 1 TW 1.13 1.01 1.12 1.11 1.12 1.06 0.04 0.18 - - - - 
CO 1.07 1.07 1.05 1.18 1.05 1.07 
  Phase 2 TW 1.15 1.11 1.18 1.10 1.22 1.06 - - - - 0.14 - 
CO 1.07 1.12 1.12 1.22 1.09 1.12 
  Phase 3 TW 1.08 1.09 1.15 1.12 1.16 1.05 <0.01 - - - 0.06 - 
CO 1.03 1.06 1.11 1.22 1.16 1.12 
  Phase 4 TW 0.90 1.00 1.00 0.91 1.14 0.98 0.09 0.17 0.07 - - - 
CO 0.87 1.06 1.04 1.16 1.04 1.05 
  Phase 5 TW 0.78 0.93 0.81 0.81 0.84 0.89 - - - - 0.07 - 




Table 4.5 continued. 
Average daily feed intake, kg/d 
  Phase 1 TW 2.15 2.08 2.20 2.13 2.15 2.22 0.03 - 0.10 - - - 
CO 2.05 2.07 2.12 2.32 2.13 2.11 
  Phase 2 TW 2.55 2.49 2.71 2.45 2.72 2.49 0.19 - - - 0.02 - 
CO 2.47 2.51 2.60 2.75 2.60 2.48 
  Phase 3 TW 2.79 2.67 2.98 2.74 3.02 2.85 0.02 - - - 0.02 - 
CO 2.68 2.73 2.84 3.06 2.98 2.79 
  Phase 4 TW 2.66 2.94 3.07 2.78 3.22 2.83 0.10 0.06 - - 0.13 - 
CO 2.74 2.94 3.01 3.18 3.15 3.07 
  Phase 5 TW 2.80 2.94 2.84 2.68 3.08 2.95 - - 0.10 0.11 - 
CO 2.97 3.05 3.04 3.20 3.07 3.35 
Feed/Gain 
  Phase 1 TW 1.90 2.06 1.96 1.93 1.91 2.10 - - - - - - 
CO 1.93 1.95 2.00 1.97 2.02 1.97 
  Phase 2 TW 2.21 2.23 2.28 2.24 2.22 2.36 - - - - - - 
CO 2.31 2.25 2.33 2.26 2.38 2.23 
  Phase 3 TW 2.59 2.45 2.60 2.46 2.60 2.73 - - - - - 0.07
CO 2.61 2.58 2.56 2.52 2.58 2.49 
  Phase 4 TW 2.96 2.99 3.12 3.08 2.83 2.90 - - 0.13 - - 0.13 
CO 3.17 2.79 2.90 2.73 3.01 2.93 
  Phase 5 TW 3.90 3.20 3.54 3.38 3.89 3.31 - - - - 0.03 0.08 
CO 3.55 3.42 3.50 3.34 3.32 3.21 
1 Values are average of 6 replicates; P-values for sex and other interactions are listed in Appendix Table A.4.1. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. No significant interaction was detected between levels of ATA and fat sources. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.6 Effect of different fat sources and VE supplementation on cumulative growth performance1 of pigs from 28 to 150 kg 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Phases Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Average daily gain, kg/d 
  Phase 1 TW 1.13 1.01 1.12 1.11 1.12 1.06 0.04 0.18 - - - - 
CO 1.07 1.07 1.05 1.18 1.05 1.07 
  Phase 1-2 TW 1.14 1.07 1.15 1.11 1.17 1.06 0.06 - - - 0.12 - 
CO 1.06 1.09 1.08 1.19 1.07 1.09 
  Phase 1-3 TW 1.12 1.07 1.15 1.11 1.16 1.07 <0.01 - -I - 0.09 - 
CO 1.05 1.08 1.09 1.20 1.09 1.10 
  Phase 1-4 TW 1.04 1.05 1.10 1.05 1.15 1.05 <0.01 - -I - 0.17 - 
CO 1.00 1.07 1.08 1.19 1.08 1.09 
  Phase 1-5 TW 1.00 1.02 1.02 1.00 1.09 1.01 0.02 - - - - - 
CO 0.96 1.03 1.03 1.14 1.04 1.08 
Average daily feed intake, kg/d 
  Phase 1 TW 2.15 2.08 2.20 2.13 2.15 2.22 0.03 - 0.10 - - - 
CO 2.05 2.07 2.12 2.32 2.13 2.11 
  Phase 1-2 TW 2.33 2.28 2.42 2.28 2.40 2.35 0.06 - - - 0.06 - 
CO 2.25 2.28 2.35 2.50 2.36 2.28 
  Phase 1-3 TW 2.50 2.40 2.61 2.45 2.60 2.54 <0.01 - -I - 0.02 - 
CO 2.40 2.44 2.51 2.70 2.55 2.46 
  Phase 1-4 TW 2.51 2.55 2.73 2.53 2.77 2.61 <0.01 0.08 0.20I - 0.04 - 
CO 2.50 2.58 2.65 2.82 2.70 2.61 
  Phase 1-5 TW 2.62 2.63 2.75 2.58 2.86 2.69 <0.01 - 0.10 0.19 0.12 - 




Table 4.6 continued. 
Feed/Gain 
  Phase 1 TW 1.90 2.06 1.96 1.93 1.91 2.10 - - - - - - 
CO 1.93 1.95 2.00 1.97 2.02 1.97 
  Phase 1-2 TW 2.03 2.14 2.11 2.07 2.06 2.21 - - - - - - 
CO 2.12 2.10 2.16 2.09 2.21 2.10 
  Phase 1-3 TW 2.24 2.25 2.27 2.22 2.24 2.37 - - - - - - 
CO 2.28 2.27 2.29 2.25 2.33 2.24 
  Phase 1-4 TW 2.43 2.44 2.48 2.41 2.40 2.49 - - - - - - 
CO 2.51 2.41 2.46 2.37 2.51 2.41 
  Phase 1-5 TW 2.63 2.59 2.70 2.58 2.61 2.66 - - - - 0.12 - 
CO 2.72 2.62 2.66 2.56 2.66 2.57 
1 Values are average of 6 replicates; P-values for sex and other interactions are listed in Appendix Table A.4.2. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.7 Effect of different fat sources and VE supplementation on carcass traits1 of pigs 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
 Isoforms3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
SLW, kg TW 146.24 148.23 147.49 142.43 145.23 143.41 - - 0.08 - - 0.14 
CO 149.69 148.21 148.02 151.12 149.08 147.24 
HCW, kg TW 113.17 114.44 114.53 109.63 111.17 109.84 - - - 0.12 - 0.07
CO 114.12 112.77 113.89 115.44 114.19 112.35 
CCW, kg TW 110.54 111.58 111.13 106.78 109.09 106.48 - - - 0.09 - - 
CO 111.45 109.54 111.36 112.79 110.03 109.72 
Dressing, % TW 77.4 77.2 77.6 77.0 76.6 76.6 - - 0.08 - - - 
CO 76.3 76.1 76.9 76.4 76.6 76.3 
Shrink loss, % TW 2.33 2.48 2.96 2.60 1.87 3.04 - - - - - - 
CO 2.36 2.88 2.23 2.29 3.63 2.34 
45-min pH TW 5.90 6.13 6.15 5.91 6.01 5.99 - <0.01 - 0.06 - - 
CO 5.82 6.19 6.10 6.10 6.12 6.00 
24-hour pH TW 5.59 5.71 5.66 5.37 5.64 5.65 - <0.01 -I - - - 
CO 5.49 5.65 5.70 5.72 5.78 5.57 
ΔpH TW 0.31 0.42 0.49 0.54 0.38 0.35 - - - 0.06 - - 
CO 0.33 0.54 0.40 0.38 0.34 0.43 
C. Length, cm TW 84 83 84 84 83 82 - - - - - - 
CO 82 85 84 84 85 82 
Back fat depth, cm 
  First rib TW 4.17 4.93 4.66 4.88 4.85 4.61 - - - - - - 
CO 4.93 4.51 4.95 4.45 4.74 5.03 
  Last rib TW 3.35 3.71 3.43 3.00 3.60 3.77 - - - - - - 




Table 4.7 continued. 
  10th rib TW 2.69 2.90 3.01 2.31 3.05 3.22 - - - - - - 
CO 3.15 2.86 3.22 2.90 2.67 2.69 
  Last lumbar TW 2.34 2.72 2.12 1.73 2.71 2.50 - - - - - - 
CO 2.29 2.48 2.46 2.41 2.58 1.98 
Belly depth, cm TW 5.15 5.23 5.30 5.18 5.21 5.05 - - 0.01 - - -
CO 4.63 4.95 4.81 4.83 4.85 4.29 
Loin muscle dimension4, cm 
  Vertical TW 7.37 7.01 7.75 7.21 7.87 7.28 - - - - - - 
CO 7.16 7.18 6.86 7.58 7.03 7.57 
  Horizontal TW 10.82 10.57 10.58 10.41 10.29 10.80 - - 0.11 - 0.19 - 
CO 10.21 34.61 10.80 11.01 10.29 10.26 
  Area5, cm2 TW 61.03 58.84 61.02 59.48 62.04 61.40 - - - - - - 
CO 56.39 61.61 53.98 61.94 54.30 57.87 
1 Values are average of 6 replicates. SLW, slaughter weight; HCW, hot carcass weight; CCW, cold carcass weight. C. length, carcass 
length. P-values for sex and other interactions are listed in Appendix Table A.4.3. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
4 Vertical distance refers to depth vertical to the 10th rib; Horizontal distance refers to width horizontal to the 10th ribs.  
5 Area was measured directly with a plastic standard grid as described by NPPC (2000).   
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Table 4.8 Effect of different fat sources and VE supplementation on primal cut1 of pigs 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Primary cut, kg 
  Boston butt TW 5.39 4.68 4.88 4.93 4.91 5.18 0.16 - - - - - 
CO 5.36 4.63 5.07 4.58 4.87 4.98 
  Picnic shoulder TW 5.11 5.60 5.44 4.83 5.63 4.85 - - -I 0.17 - - 
CO 4.93 5.51 5.08 5.73 5.22 5.08 
  Loin TW 12.96 12.37 13.15 12.41 11.76 12.58 - - 0.18 - - 0.06 
CO 12.07 11.83 12.51 12.51 12.69 12.59 
  Spare rib TW 2.12 2.04 1.99 1.91 1.99 2.07 - - - - - - 
CO 1.89 2.15 2.04 1.93 1.97 1.91 
  Ham TW 12.49 12.87 12.68 12.41 12.40 12.05 - - - - - - 
CO 12.54 12.95 12.76 13.28 12.69 12.73 
  Belly TW 9.75 9.52 9.41 9.00 8.88 9.11 0.02 - 0.19 0.04 - - 
CO 10.03 9.95 9.36 9.49 9.49 9.17 
Primary cut, % live weight 
  Boston butt TW 3.68 3.15 3.31 3.46 3.39 3.63 0.16 - - 0.18 - - 
CO 3.58 3.12 3.42 3.03 3.27 3.38 
  Picnic shoulder TW 3.49 3.78 3.69 3.41 3.88 3.38 - - - - - - 
CO 3.28 3.73 3.43 3.79 3.50 3.44 
  Loin TW 8.88 8.35 8.92 8.74 8.12 8.77 - - 0.03 - - 0.18 
CO 8.08 7.98 8.45 8.28 8.51 8.55 
  Spare rib TW 1.45 1.38 1.35 1.35 1.37 1.44 - - - - - 0.14
CO 1.26 1.45 1.38 1.28 1.32 1.29 
  Ham TW 8.54 8.69 8.60 8.71 8.55 8.41 - - - - - - 




Table 4.8 continued. 
  Belly TW 6.66 6.43 6.38 6.32 6.12 6.33 0.02 - - 0.07 - - 
CO 6.70 6.71 6.32 6.28 6.36 6.23 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.3. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05.  
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6). 
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4.4.4 Organ size 
As shown in Table 4.9, no interactions between fat and level of ATA or γ-T were 
observed on absolute organ weight or relative organ weight, neither was an effect of 
isoforms of VE observed. An interesting quadratic response in both absolute lung weight 
(P = 0.01) and relative lung weight (P = 0.01) was observed to the increasing dietary γ-T 
level. Both values decreased firstly, and increased back to the treatment of 11 ppm ATA. 
A significant difference between pigs fed CO or TW diets was observed in the absolute 
weight of liver (P = 0.03) and kidney (P = 0.03), however the difference disappeared when 
expressed as relative weight.   
4.4.5 Plasma tocopherol 
Table 4.10 shows the effect of different fat sources and dietary VE supplementation 
on VE concentration in plasma. No interactions between fat and VE were observed on 
plasma α-T concentration. Increasing dietary ATA supplementation from 11 to 200 ppm 
increased α-T concentration in plasma linearly in Phase 1 (linear, P < 0.01) while 
quadraticly during Phase 2 (linear and quadratic, P < 0.01), Phase 3 (linear and quadratic, 
P < 0.01), Phase 4 (linear and quadratic, P < 0.01), and Phase 5 (linear and quadratic, P < 
0.01). Significant effects of dietary fat sources were observed on α-T concentration in 
plasma during Phase 3 (P = 0.03) with pigs fed tallow diets having higher plasma α-T.   
With the increasing time of supplementation of dietary ATA, the concentration of 
plasma α-T increased with time (linear and quadratic, P < 0.01) with a significant 
interaction with levels of ATA. Pigs in the group of 11 ppm had smaller (P < 0.05) slope 
than pigs from the other ATA treatments including 40, 100, and 200 ppm dietary ATA, 
while the slope of these three groups did not differ. With greater time of consumption of  
γ-T from the diet, increases in both plasma α-T (linear, P < 0.01) and γ-tocopherol (linear 
and quadratic, P < 0.01) were observed, with a tendency of bigger slope in plasma α-
tocopherol when pigs were fed 100 ppm dietary γ-tocopherol compared to pigs fed 40 ppm 
γ-tocopherol. The trend of plasma α-T concentration along with time was not affected by 
fat sources. 
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Plasma γ-T was not detectable at day 0, but detectable thereafter. No interactions 
between fat and VE were observed on γ-T concentration except in Phase 3 (P = 0.05). 
Increasing dietary ATA supplementation from 11 to 200 ppm decreased plasma γ-T from 
Phase 1 to Phase 5 (linear, P < 0.01, quadratic, Phase 1 and 2, P < 0.05).  
Pigs fed different isoforms of VE had different plasma α-T (P < 0.01) and γ-T (P < 
0.01). As expected, pigs fed γ-T diets had higher concentrations of γ-T (P < 0.01) but lower 
concentration of α-T (P < 0.01) when compared to pigs fed diets with common levels of 
ATA from Phase 1 through Phase 5. As indicated by the comparison of slopes of the change 
in plasma tocopherols along with time, plasma α-T in pigs fed increasing dietary ATA 
increased to a greater (P < 0.05) degree compared to pigs fed increasing γ-T, while plasma 
γ-T in pigs fed increasing dietary γ-T increased faster (P < 0.05) than that of pigs fed 
increasing dietary ATA.  
An interaction between level of VE and isoforms of VE was observed on plasma γ-
T concentration during Phase 1 to Phase 3 (P < 0.05). Increasing dietary γ-T from 40 to 
100 ppm increased plasma γ-T especially during Phase 3 (P = 0.04), while increasing 
dietary ATA decreased plasma γ-T (P < 0.05).  
Fat sources showed very limited effect on concentration of plasma α-T and γ-T 
concentration in the current study. Although other isoforms of tocopherols including β-
tocopherol and δ-tocopherol were measurable in the experimental diets, they were not 
detectable in plasma from Day 0 throughout the study.  
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Table 4.9 Effect of different fat sources and VE supplementation on organ size1 of pigs 
P-value
Isoforms SE ATA2 
ATA, ppm γ-T, ppm Level Fat Isoforms
3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Absolute organ weight, g 
  Liver TW 1721 1436 1515 1713 1687 1652 - 0.08 0.03 - - 0.13 
CO 1837 1841 1667 1826 1616 1839 
 Kidney TW 342 377 336 357 373 355 - - 0.03 - - - 
CO 393 389 366 383 378 394 
 Heart TW 520 462 490 492 485 468 - - - - - - 
CO 475 500 482 505 486 502 
  Lung TW 924 752 568 932 838 777 - 0.01 - 0.09 - - 
CO 905 889 703 824 866 920 
 Spleen TW 168 158 178 174 162 184 - - - - - - 
CO 182 182 167 177 171 173 
Relative weight, % slaughter weight 
  Liver TW 1.18 1.00 1.03 1.20 1.16 1.15 - 0.06 0.07 - - 0.08 
CO 1.23 1.24 1.13 1.21 1.08 1.24 
  Kidney TW 0.23 0.26 0.23 0.25 0.26 0.25 - - 0.17 - 0.14 - 
CO 0.27 0.26 0.25 0.25 0.25 0.27 
  Heart TW 0.36 0.32 0.33 0.35 0.33 0.33 - - - - - - 
CO 0.32 0.34 0.33 0.33 0.33 0.34 
  Lung TW 0.63 0.51 0.39 0.65 0.58 0.54 - 0.00 - 0.06 0.17 - 
CO 0.61 0.60 0.47 0.54 0.58 0.62 
  Spleen TW 0.12 0.11 0.12 0.12 0.11 0.13 - - - - - - 
CO 0.12 0.12 0.11 0.12 0.11 0.12 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.3. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. No interaction between fat sources and dietary ATA levels was observed.  
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3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.10 Effect of different fat sources and VE supplementation on VE concentration1 in plasma 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level Fat Isoforms
3 
Phases Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
α-tocopherol4, µg/mL 
  Day 0 TW 1.55 1.39 1.45 1.40 1.35 1.58 - 0.14 - - - - 
CO 1.67 1.47 1.22 1.96 1.90 1.39 
  Phase 1 TW 1.55 2.28 2.83 3.50 1.69 2.01 <0.01 - 0.15 <0.01 - - 
CO 1.85 2.66 2.75 4.02 1.80 2.24 
  Phase 2 TW 1.60 2.60 3.55 3.61 1.71 2.38 <0.01 <0.01 - <0.01 - - 
CO 1.82 2.75 3.08 3.80 2.05 2.27 
  Phase 3 TW 2.23 3.64 3.86 4.31 2.15 2.99 <0.01 <0.01 0.03 <0.01 - - 
CO 2.22 3.07 3.43 3.66 2.26 2.66 
  Phase 4 TW 2.01 3.31 4.13 4.47 2.33 2.85 <0.01 <0.01 - <0.01 - - 
CO 2.33 3.06 3.59 4.17 2.46 2.74 
  Phase 5 TW 2.60 3.92 4.41 4.36 2.74 3.37 <0.01 <0.01 0.71 <0.01 - - 
CO 2.54 3.30 4.25 4.82 2.93 3.19 
γ-tocopherol5, µg/mL 
  Day 0 TW nd6 nd nd nd nd nd - - - - 0.04 - 
CO nd nd nd nd nd nd 
  Phase 1 TW 0.35 0.17 0.03 0.05 0.55 0.42 <0.01 <0.01 - <0.01 0.02 - 
CO 0.22 0.27 nd nd 0.38 0.71 
  Phase 2 TW 0.24 0.23 0.05 0.04 0.45 0.49 <0.01 0.04 - <0.01 0.03 - 
CO 0.25 0.19 0.09 0.08 0.40 0.49 
  Phase 3 TW 0.30 0.28 0.17 0.04 0.48 0.57 <0.01 - 0.18I <0.01 0.18 - 
CO 0.24 0.15 0.17 0.10 0.37 0.56 
  Phase 4 TW 0.35 0.22 0.03 nd 0.81 0.44 <0.01 0.07 - <0.01 - - 
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  Phase 5 TW 0.35 0.23 nd nd 0.76 0.79 <0.01 - - <0.01 - - 
CO 0.12 0.07 0.12 nd 0.59 0.83 
Total-tocopherol6, µg/mL 
  Day 0 TW 1.55 1.39 1.45 1.40 1.35 1.58 - 0.14 - - - - 
CO 1.67 1.47 1.22 1.96 1.90 1.39 
  Phase 1 TW 1.90 2.45 2.86 3.56 2.24 2.43 <0.01 - 0.2 0.16 - - 
CO 2.07 2.93 2.75 4.02 2.18 2.95 
  Phase 2 TW 1.84 2.82 3.60 3.65 2.16 2.88 <0.01 <0.01 - <0.01 - - 
CO 2.07 2.94 3.17 3.89 2.45 2.77 
  Phase 3 TW 2.52 3.92 4.03 4.35 2.63 3.56 <0.01 <0.01 0.03 0.02 - - 
CO 2.46 3.22 3.61 3.76 2.63 3.22 
  Phase 4 TW 2.36 3.53 4.16 4.47 3.14 3.29 <0.01 <0.01 - <0.01 0.16 - 
CO 2.66 3.30 3.69 4.21 2.88 3.59 
  Phase 5 TW 2.95 4.15 4.41 4.36 3.50 4.17 <0.01 0.02 - - - - 
CO 2.66 3.37 4.37 4.82 3.52 4.02 
1 Values are average of 6 replicates; β-tocopherol and δ-tocopherol were not detected in any sample from Day 0 to the end of each 
phases. P-values for sex and other interactions are listed in Appendix Table A.4.4. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05.  
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
4 Time effect, linear and quadratic, P < 0.01; interaction between time and dietary ATA levels, P <0.01; interaction between time and 
isoforms of VE, P <0.01. No interaction between time and fat sources was observed. 
5 Time effect, linear and quadratic, P < 0.01; interaction between time and dietary ATA levels, P <0.05; interaction between time and 
isoforms of VE, P <0.01. No interaction between time and fat sources was observed. 
6 nd means not detectable, for analysis purpose, a value of 0.001 was applied for those ones with nd. 
7 Time effect, linear and quadratic, P < 0.01; interaction between time and dietary ATA levels, P <0.01; interaction between time and 
isoforms of VE, P <0.05. No interaction between time and fat sources was observed. 
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4.4.6 Tissue tocopherol 
Tissue tocopherols concentration in response to different dietary treatments is 
provided in Table 4.11. No β-tocopherol or δ-tocopherol was detected in loin muscle and 
liver. Increasing dietary ATA supplementation from 11 to 200 ppm increased α-T 
concentration in muscle (linear, P < 0.01) and liver (linear, P < 0.01), and decreased γ-T 
concentration in muscle (linear and quadratic, P < 0.01) and liver (linear, P = 0.06). 
Interactions between fat sources and levels of dietary ATA on concentration of α-T in the 
muscle (P = 0.04), and γ-T in the liver (P = 0.04) were observed, wherein α-T concentration 
in the muscle of pigs fed TW diets increased with a larger slope (P < 0.05) along with the 
increasing dietary ATA supplementation compared to pigs fed CO diets. Pigs fed TW diets 
had higher α-T concentration in muscle (P < 0.01) and liver (P = 0.04), and tended to have 
higher γ-T concentration in muscle (P = 0.09) than pigs fed CO diets.  
The total tocopherol in the tissue existed predominantly in the form of α-T, from 
77% of the total in the 11 ppm dietary ATA groups to as high as 92% at 200 ppm dietary 
ATA groups. The total tocopherol concentration changed in a similar manner as α-T 
concentration, it increased with increasing dietary ATA supplementation in muscle (linear, 
P < 0.01) and liver (linear, P < 0.01). Similarly, the total tocopherol concentration in pigs 
fed TW diets was higher in both muscle (P < 0.01) and liver (P = 0.05) compared to pigs 
fed CO diets. 
An effect of isoforms of tocopherol was detected on concentrations of tocopherols 
in both muscle (P < 0.01) and liver (P < 0.01) as shown in Table 4.11. When dietary γ-
tocopherol increased from 40 to 100 ppm, concentration of α-T also increased in both 
muscle (P < 0.01) and liver (P < 0.01). However, pigs fed ATA diets had higher 
concentrations of  tissue α-T (P < 0.01) in comparison to pigs fed γ-T diets, and  pigs fed 
γ-T diets had higher concentrations of γ-tocopherol in muscle (P < 0.01) and liver (P < 
0.01) compared to that of pigs fed ATA diets.  
An interaction between isoforms of tocopherols and fat sources was observed on α-
T concentration in both muscle (P < 0.01) and liver (P = 0.02), wherein the magnitude of 
the difference in tissue α-T concentration between pigs fed diets with ATA and γ-T was 
greater in TW groups than CO groups. The average α-T deposition in muscle and liver of 
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pigs supplied with ATA was 2.2 and 1.6 times as high as that of pigs fed diets with common 
γ-T level when tallow diets were supplied, while 1.6 and 1.1 times difference when corn 
oil diets were supplied. Besides, although the total tocopherol concentration increased in a 
similar manner in both muscle (P < 0.01) and liver (P < 0.01), dietary γ-tocopherol 
supplementation increased  the percentage of γ-tocopherol in the total tocopherol up to 
32.5% and 20.5% in muscle and liver, respectively, when pigs were fed TW diets; but only 
increased to 26.9% and 19.0%, respectively, when using CO as the fat source. 
Additionally, an interaction between isoforms of VE and levels of dietary VE was 
observed on the concentrations of γ-T (P = 0.01) and total tocopherol (P = 0.03) in the 
muscle. The concentration of γ-T tended to increase in both muscle (P = 0.06) and liver (P 
= 0.08) of pigs fed γ-T diets while decreased in both muscle (P < 0.01) and liver (P < 0.05) 
of pigs fed ATA diets when dietary VE increased from 40 to 100 ppm. With dietary VE 
increasing from 40 to 100 ppm, the concentration of total tocopherol in muscle increased 
by 9.0% in pigs fed ATA diets, while increased by 37.4% in pigs fed γ-T diets. 
4.4.7 Fatty acid profile 
4.4.7.1 Intake of different fatty acids 
As shown in Table 4.12, the intake of total lipid did not differ, but the intake of all 
individual FAs differed between pigs fed TW and CO diets. Pigs fed TW diets had higher 
intake of total SFA (P < 0.01) and total MUFA (P < 0.01) but lower intake of total PUFA 
(P < 0.01) than pigs fed CO diets. For pigs fed TW diets, the intake of all saturated fatty 
acids including C14 (P < 0.01),  C16 (P < 0.01), C17 (P < 0.01), and C18 (P < 0.01) were 
higher except for C20 (P < 0.01), which was lower than that of pigs fed CO diets. The 
intake of all the individual MUFA including C14:1, C16:1, C17:1, C18:1, C20:1 were 
higher in pigs fed TW diets than that of pigs fed CO diets. For the intake of PUFA, the 
intake of C18:2 and C18:3 n-3 were lower while C18:3 n-6 and C20:3 were higher in pigs 
fed TW diets than that of pigs fed CO diets. The intake of all FAs were not affected by 
levels or isoforms of dietary VE. 
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4.4.7.2 Fatty acid profile in the backfat 
Table 4.13 shows the effects of dietary VE supplementation and fat sources on FA 
profile of the backfat. No interactions between dietary VE treatments (levels and isoforms) 
and fat sources were observed on FA profile in the backfat at slaughter. As expected, 
differences (P < 0.05) were detected among pigs fed dietary fat sources on all the FAs 
analyzed except for C10. Corresponding to the difference in the intake of different FAs, 
pigs fed TW diets had more SFA (P < 0.01) including C14 (P < 0.05), C16 (P < 0.01), C17 
(P < 0.01), and C18 (P < 0.01) than pigs fed CO diets except for C20 (P = 0.02), which 
was lower than pigs fed CO diets in the backfat. Pigs fed TW diets also had more MUFA 
(P < 0.01) including C14:1 (P < 0.01), C16:1 (P < 0.01), C17:1 (P < 0.01), C18:1 (P < 
0.01), and C20:1 (P < 0.01) than pigs fed CO diets in the backfat. The concentration of 
PUFA including C18:2, C18:3 n-3, C20:2, C20:3, and C20:4 in the backfat were higher (P 
< 0.01) in pigs fed CO diets than that of pigs fed TW diets.  
No effect of dietary ATA supplement was observed on FA profile in the backfat. A 
significant difference between isoforms of VE was observed on the concentration of C14 
(P = 0.03), where pigs fed ATA had higher concentration of C14 than pigs fed γ-T. Pigs 
fed ATA also tended to have more C12 (P = 0.08) and C20:3 (P = 0.10). Interactions 
between isoforms of VE and their levels were observed on the concentration of C16:1 (P 
= 0.04) and C18 (P = 0.04), but no clear trend was present in these interactions.  
4.4.7.3 Fatty acid profile in the belly fat 
As shown in Table 4.14, FA profile of belly fat was affected by dietary treatment 
in a similar manner to what happened in the backfat. No interactions between dietary ATA 
levels and fat sources were observed on FA profile in the belly fat at slaughter. As expected, 
differences (P < 0.05) were detected among pigs fed dietary fat sources on most FAs 
analyzed except C10, wherein pigs fed tallow diets had more SFA (P < 0.01) including 
C12 (P = 0.07), C14 (P < 0.01), C15 (P < 0.01), C16 (P < 0.01) and C18 (P < 0.01) than 
pigs fed corn oil diets. Corresponding to the difference in the intake of different FAs, the 
concentration of all the MUFAs including C14:1, C16:1, C18:1, and C20:1 were also 
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higher in pigs fed tallow diets compared to pigs fed corn oil diets in the belly fat. 
Corresponding to the intake of individual FAs, the concentration of almost all the PUFAs 
including C18:2 (P < 0.01), C18:3 n-3 (P < 0.01), C18:3 n-6 (P < 0.01), C20:2 (P < 0.01), 
C20:3 (P < 0.01), and C20:4 (P < 0.01) were higher in the belly fat of pigs fed corn oil 
diets compared to that of pigs fed tallow diets. Compared to the pigs fed corn oil diets, the 
only PUFA whose concentration was higher in pigs fed tallow diet was CLA (P < 0.01).  
The levels of dietary ATA supplementation only affected concentration of C16:1 
(linear, P = 0.04) and C18:3 n-6 (linear, P = 0.03) in the belly fat, wherein the concentration 
of C16:1 linearly decreased and the concentration of C18:3 n-6 linearly increased with the 
increasing dietary VE from 11 to 200 ppm. The isoforms of VE in the diet affected 
concentrations of C14 and C20:3 in the belly fat, wherein C14 (P = 0.04) content was lower 
and C20:3 (P = 0.01) content was higher in pigs fed γ-tocopherol diets compared to those 
fed ATA diets. An interesting interaction between isoforms of VE and fat sources were 
observed on concentrations of C20:1 (P = 0.05). Interactions between isoforms of VE and 
dietary VE levels were also observed on concentrations of C20 (P = 0.05), C16:1 (P = 
0.08), C18:3 n-6 (P = 0.10), and CLA (P = 0.04). However, the relative marginal difference 
between the values of these related FAs made this effect somewhat hard to believe.   
The overall FA profile (except C16, C14:1, C17:1 and CLA) in the belly fat was 
different from that of backfat (Table 4.15). Generally, compared to the backfat, belly fat 
had higher content of MUFA (P < 0.01), while lower content of SFA (P < 0.01), PUFA (P 
< 0.01), and IV (P = 0.07). As shown in Table 4.15, the concentration of all the SFAs 
including C15 (P < 0.01), C17 (P < 0.01), C18 (P < 0.01), and C20 (P < 0.01), and most 
PUFAs including C18:2 (P < 0.01), C18:3n3 (P < 0.01), C18:3n6 (P < 0.01), and C20:2 
were lower in the belly fat than the backfat. However, the concentration of all the MUFAs 
including C16:1 (P < 0.01), C18:1 (P < 0.01), C20:1 (P = 0.06) was higher in the belly fat 
than back fat. The interaction between fat and location on the content of C14:1 (P < 0.01), 
C17 (P < 0.01), C18:2 (P < 0.01), C18:3n6 (P < 0.01), C20:2 (P < 0.01), SFA (P < 0.01), 
PUFA (P < 0.01), and IV (P < 0.01) indicated the different response to dietary fat treatment 
in backfat and belly fat. When dietary fat sources switched from tallow to corn oil, the SFA 
content decreased by 13.4% in the backfat, while 10.6% in the belly fat, at the same time 
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the PUFA content and IV value increased by 171.9 and 33 % in the backfat while 159.6 
and 26.1% in the belly fat.   
4.4.7.4 Fatty acid profile in the liver 
As shown in Table 4.16, no interactions between dietary VE supplementation and 
fat sources were observed on FA profile in the liver at slaughter except C16:1 (P = 0.04). 
Partly corresponding to the intake of FAs, differences (P < 0.05) were detected among pigs 
fed dietary fat sources on most FAs except C20:1, CLA, and C20:4, although the total 
intake of those FAs differed for pigs fed different fat sources.  
Pigs fed TW diet have higher content of SFA (P = 0.05) and MUFA (P < 0.01), 
while less PUFA (P < 0.01) and IV (P < 0.01) than pigs fed CO diets in the liver. 
Concentrations of most SFAs including C14 (P < 0.01), C16 (P < 0.01), C17 (P < 0.01), 
and C22 (P < 0.01), and MUFAs including C16:1 (P < 0.01) and C18:1 (P < 0.01) were 
higher in pigs fed TW diets compared to pigs fed CO diets. Concentrations of PUFAs 
including C18:2 (P < 0.01), C18:3n3 (P < 0.01), C18:3n6 (P < 0.05), C20:2 (P < 0.01), 
and C22:4 (P < 0.01) were higher in pigs fed CO diets than pigs fed TW diets.  
The VE supplementation (levels and isoforms) did not affect FA profile in the liver. 
Interactions between isoforms of VE and fat sources were observed on content of lipid (P 
= 0.05), and concentrations of C16 (P < 0.05), C18:1 (P = 0.09), C20:4 (P < 0.05), and IV 
(P = 0.09).  
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Table 4.11 Effect of different fat sources and VE supplementation on VE concentration1 in muscle and liver 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
α-tocopherol, ppm 
  Muscle TW 4.07 5.59 6.72 8.71 2.89 4.97 <0.01 - <0.01I <0.01 - 0.01
CO 4.41 4.90 5.31 6.29 4.34 5.06 
  Liver TW 5.82 13.14 17.52 30.74 5.77 8.30 <0.01 - 0.04 <0.01 0.11 0.02 
CO 6.98 10.64 15.04 22.45 6.99 8.64 
 γ-tocopherol, ppm 
  Muscle TW 1.21 0.91 0.26 0.19 1.51 2.21 <0.01 0.01 0.09 <0.01 0.01 - 
CO 0.97 0.44 0.16 0.13 1.56 1.90 
  Liver TW 0.82 0.83 0.20 0.57 1.70 1.85 0.06 - - I <0.01 0.06 - 
CO 0.66 0.59 0.78 0.29 1.38 2.36 
 Total-tocopherol, ppm 
  Muscle TW 5.28 6.50 7.43 9.47 4.40 7.18 <0.01 - <0.01 - 0.03 0.01 
CO 5.39 5.35 5.47 7.01 5.90 6.96 
  Liver TW 6.64 13.97 17.72 31.31 7.46 10.14 <0.01 - 0.05 <0.01 - 0.04
CO 7.64 11.23 15.82 22.73 8.37 11.00 
1 Values are average of 6 replicates; β-tocopherol and δ-tocopherol were not detected in both liver and muscle. P-values for sex and 
other interactions are listed in Appendix Table A.4.5. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.12 Effect of different fat sources and VE supplementation on intake of individual fatty acids1 in pigs from 28 to 150 kg 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Items Fat 11 40 100 200 40 100 L Q Isoform IF*Level IF*Fat 
Lipid, kg TW 22.3 22.2 23.2 21.6 22.0 22.9 - - -T - - - 
CO 23.5 22.6 22.7 22.4 23.0 21.7 
Individual fatty acid, g 
  C14 TW 450.7 447.2 467.3 435.8 443.0 461.2 - - <0.01I - - - 
CO 12.3 11.9 11.9 11.7 12.0 11.4 
  C14:1 TW 83.1 82.5 86.2 80.4 81.7 85.1 - - <0.01I - - - 
CO 0.0 0.0 0.0 0.0 0.0 0.0 
  C16 TW 4676 4641 4849 4522 4597 4786 - - <0.01I - - - 
CO 3066 2956 2957 2919 2999 2838 
  C16:1 TW 419.3 416.1 434.7 405.4 412.1 429.1 - - <0.01I - - - 
CO 42.7 41.2 41.2 40.6 41.8 39.5 
  C17 TW 191.4 189.9 198.4 185.0 188.1 195.9 - - <0.01I - - - 
CO 19.2 18.5 18.5 18.2 18.7 17.7 
  C18 TW 3041 3018 3154 2941 2990 3113 - - <0.01I - - - 
CO 486 468 469 462 475 450 
  C18:1 TW 7799 7739 8086 7541 7666 7982 - - <0.01I - - - 
CO 6115 5897 5898 5822 5981 5662 
  C18:2 TW 4729 4693 4904 4573 4649 4840 - - <0.01 - - - 
CO 12976 12513 12516 12354 12691 12014 
  C18:3n-3 TW 241.5 239.7 250.4 233.6 237.4 247.2 - - <0.01 - - - 
CO 498.3 480.6 480.7 474.4 487.4 461.4 
  C18:3n-6 TW 37.2 36.9 38.6 36.0 36.6 38.1 - - <0.01I - - - 




Table 4.12 continued. 
  CLA TW 71.6 71.1 74.3 69.3 70.4 73.3 - - <0.01I - - - 
CO 20.7 20.0 20.0 19.7 20.3 19.2 
 C20 TW 65.2 64.7 67.6 63.0 64.1 66.7 - - <0.01 - - - 
CO 103.6 99.9 99.9 98.6 101.3 95.9 
 C20:1 TW 142.6 141.5 147.8 137.9 140.2 145.9 - - <0.01I - - - 
CO 122.0 117.7 117.7 116.2 119.3 113.0 
 C20:3 TW 16.1 16.0 16.7 15.6 15.8 16.5 - - <0.01I - - - 
CO 4.4 4.2 4.2 4.2 4.3 4.1 
  ∑SFA TW 8496 8432 8810 8216 8352 8696 - - <0.01I - - - 
CO 3688 3556 3557 3511 3607 3414 
 ∑MUFA TW 8548 8483 8863 8266 8403 8749 - - <0.01I - - - 
CO 6289 6064 6066 5987 6151 5822 
  ∑PUFA TW 5096 5057 5284 4927 5009 5215 - - <0.01 - - - 
CO 13503 13021 13024 12855 13206 12501 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.6. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary ATA level, P < 0.05. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.13 Effect of different fat sources and VE supplementation on fatty acid profile1 of the backfat 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Fatty acid, % Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
C10 TW 0.05 0.05 0.04 0.05 0.05 0.05 - - - - 0.13 - 
CO 0.05 0.05 0.05 0.05 0.05 0.05 
C12 TW 0.06 0.06 0.06 0.06 0.06 0.06 - - 0.02 0.08 - - 
CO 0.06 0.06 0.06 0.05 0.05 0.06 
C14 TW 1.41 1.39 1.36 1.37 1.30 1.32 - - <0.01 0.03 - - 
CO 1.04 1.03 1.09 1.00 0.99 1.04 
C14:1 TW 0.05 0.05 0.05 0.05 0.05 0.05 - - <0.01 0.15 - - 
CO 0.01 0.01 0.01 0.00 0.01 0.01 
C16 TW 22.98 22.94 22.81 22.59 22.68 22.15 - - <0.01 - - - 
CO 20.42 20.19 20.94 20.29 20.11 20.40 
C16:1 TW 2.62 2.57 2.37 2.61 2.36 2.45 - - <0.01 0.17 0.04 - 
CO 1.58 1.59 1.55 1.48 1.42 1.55 
C17 TW 0.56 0.51 0.53 0.51 0.53 0.53 - - <0.01 - - - 
CO 0.18 0.20 0.19 0.20 0.22 0.20 
C18 TW 13.24 12.99 14.14 13.23 13.93 13.24 0.13 0.19 <0.01 - 0.04 - 
CO 10.73 10.87 11.48 11.77 11.67 11.28 
C18:1 TW 45.72 46.58 45.63 46.08 46.24 46.99 - - <0.01 - - - 
CO 37.32 37.31 37.27 37.38 36.63 36.84 
C18:2 TW 9.01 8.54 8.62 9.05 8.43 8.61 - - <0.01 - - - 
CO 24.54 24.81 23.54 23.91 24.94 24.83 
C18:3n-6 TW 0.19 0.19 0.19 0.20 0.19 0.21 - - <0.01 - - - 
CO 0.07 0.07 0.06 0.07 0.07 0.06 
C18:3n-3 TW 0.39 0.37 0.38 0.38 0.36 0.37 - - <0.01 - - - 




Table 4.13 continued. 
CLA TW 0.40 0.39 0.38 0.38 0.37 0.39 - - <0.01 - - - 
CO 0.06 0.06 0.12 0.07 0.06 0.07 
C20 TW 0.21 0.23 0.24 0.25 0.23 0.24 0.06 0.16 0.02 - 0.10 - 
CO 0.26 0.24 0.28 0.26 0.26 0.24 
C20:1 TW 0.95 1.04 1.07 1.08 1.11 1.16 - - <0.01 - - 0.08 
CO 0.89 0.82 0.89 0.82 0.82 0.75 
C20:2 TW 0.32 0.33 0.33 0.35 0.35 0.36 - 0.08 <0.01 - - - 
CO 1.16 1.12 1.03 1.12 1.15 1.06 
C20:3 TW 0.07 0.06 0.06 0.05 0.06 0.07 - - <0.01 0.10 - - 
CO 0.10 0.08 0.09 0.09 0.09 0.09 
C20:4 TW 0.14 0.13 0.14 0.13 0.12 0.14 - - <0.01 - - - 
CO 0.22 0.23 0.21 0.23 0.23 0.24 
∑SFA TW 38.57 38.24 39.26 38.15 38.85 37.66 - 0.10 <0.01 - 0.11 - 
CO 32.77 32.67 34.12 33.64 33.40 33.31 
∑MUFA TW 49.85 50.73 49.60 50.30 50.24 51.15 - - <0.01 - - - 
CO 39.94 39.89 39.87 39.83 39.03 39.30 
∑PUFA TW 10.05 9.62 9.73 10.16 9.52 9.76 - - <0.01 - - - 
CO 26.82 27.09 25.61 26.16 27.25 27.05 
IV TW 61.18 61.17 60.37 61.73 60.52 61.75 - 0.19 <0.01 - - - 
CO 81.81 82.28 79.58 80.57 81.78 81.72 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.7. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. No interaction between fat sources and dietary ATA levels was observed. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).  
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Table 4.14 Effect of different fat sources and VE supplementation on fatty acid profile1 of the belly fat 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Fatty acid, % Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
C10 TW 0.06 0.06 0.05 0.06 0.05 0.06 - - - - 0.10 - 
CO 0.05 0.06 0.06 0.06 0.06 0.06 
C12 TW 0.07 0.07 0.07 0.07 0.06 0.07 - - 0.07 0.17 - - 
CO 0.06 0.07 0.07 0.06 0.06 0.06 
C14 TW 1.50 1.49 1.44 1.45 1.36 1.45 - - <0.01 0.04 - - 
CO 1.18 1.19 1.25 1.15 1.16 1.16 
C14:1 TW 0.05 0.05 0.04 0.05 0.04 0.04 - - <0.01 - - - 
CO 0.01 0.01 0.01 0.01 0.01 0.01 
C16 TW 22.87 22.14 22.64 22.74 22.40 22.03 - - <0.01 - - - 
CO 21.04 20.68 20.91 20.45 20.35 20.83 
C16:1 TW 3.09 3.17 2.77 2.87 2.68 2.87 0.04 - <0.01 0.08 0.08 - 
CO 2.02 2.05 2.09 1.87 1.91 1.99 
C17 TW 0.44 0.38 0.39 0.41 0.39 0.41 - - <0.01 - - - 
CO 0.15 0.16 0.15 0.18 0.18 0.17 
C18 TW 11.29 10.24 11.57 11.82 11.79 11.01 0.08 - <0.01 0.15 0.14 - 
CO 9.70 9.53 9.52 10.07 9.76 10.06 
C18:1 TW 48.69 50.74 49.62 48.64 50.08 50.30 - - <0.01 - - - 
CO 41.55 41.51 42.58 40.86 41.48 40.96 
C18:2 TW 7.89 7.60 7.41 7.91 7.08 7.55 - - <0.01 - - - 
CO 20.41 21.01 19.53 21.47 21.30 20.95 
C18:3n-6 TW 0.01 0.01 0.01 0.04 0.02 0.01 0.03 - <0.01 0.05 0.10 - 
CO 0.03 0.04 0.03 0.05 0.04 0.04 
C18:3n-3 TW 0.35 0.33 0.34 0.32 0.31 0.33 - - <0.01 - - - 




Table 4.14 continued. 
CLA TW 0.40 0.41 0.36 0.37 0.36 0.39 0.08 0.10 <0.01 - 0.04 - 
CO 0.07 0.07 0.07 0.07 0.07 0.07 
C20 TW 0.20 0.20 0.21 0.21 0.22 0.21 - - 0.10 - 0.05 0.12 
CO 0.22 0.21 0.24 0.21 0.22 0.20 
C20:1 TW 1.02 1.09 1.15 1.06 1.18 1.19 - - <0.01 - 0.16 0.05 
CO 0.98 0.87 1.00 0.85 0.86 0.79 
C20:2 TW 0.31 0.32 0.32 0.31 0.34 0.35 - - <0.01 - - 0.13 
CO 1.04 1.01 1.04 1.06 0.95 0.96 
C20:3 TW 0.07 0.06 0.06 0.06 0.06 0.07 - 0.16 <0.01 0.01 - - 
CO 0.10 0.09 0.09 0.10 0.11 0.09 
C20:4 TW 0.15 0.15 0.15 0.13 0.14 0.16 - - <0.01 0.12 0.15 0.08 
CO 0.24 0.25 0.22 0.26 0.26 0.26 
∑SFA TW 36.50 34.65 36.43 36.83 36.34 35.31 - - <0.01 - - - 
CO 32.43 31.92 32.22 32.21 31.82 32.57 
∑MUFA TW 53.34 55.53 54.03 53.07 54.44 54.90 - 0.13 <0.01 - - - 
CO 44.70 44.60 45.85 43.76 44.43 43.91 
∑PUFA TW 9.18 8.89 8.55 9.14 8.32 8.87 - 0.13 <0.01 - - - 
CO 22.52 23.15 21.62 23.70 23.41 23.05 
IV TW 62.55 63.91 61.96 62.18 61.90 63.31 - - <0.01 - 0.13 - 
CO 78.39 79.48 77.81 79.73 79.83 78.73 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.8. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. No interaction between fat sources and dietary ATA levels was observed. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
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Table 4.15 Composition of the mean fatty acid profile1 of backfat and belly fat 
Location P-value
Fatty acid, % Backfat Belly fat SE Location Fat*Location VE*Location 
C10 0.05 0.06 0.001 <0.01 - - 
C12 0.06 0.07 0.001 <0.01 - - 
C14 1.19 1.32 0.012 <0.01 0.07 - 
C14:1 0.03 0.03 0.001 0.13 <0.01 - 
C16 21.54 21.59 0.121 - 0.10 - 
C16:1 2.01 2.45 0.032 <0.01 - - 
C17 0.36 0.28 0.007 <0.01 <0.01 - 
C18 12.38 10.53 0.138 <0.01 0.08 - 
C18:1 41.67 45.58 0.217 <0.01 0.12 - 
C18:2 16.57 14.18 0.215 <0.01 <0.01 - 
C18:3n6 0.13 0.03 0.002 <0.01 <0.01 - 
C18:3n3 0.56 0.50 0.009 <0.01 0.07 - 
CLA 0.23 0.23 0.006 - - 0.18 
C20 0.25 0.21 0.004 <0.01 - - 
C20:1 0.95 1.00 0.018 0.06 - - 
C20:2 0.73 0.67 0.011 <0.01 <0.01 - 
C20:3 0.08 0.08 0.002 0.07 - - 
C20:4 0.18 0.20 0.003 <0.01 - - 
∑SFA 35.89 34.10 0.210 <0.01 0.02 - 
∑MUFA 44.98 49.38 0.238 <0.01 0.12 - 
∑PUFA 18.46 15.87 0.229 <0.01 <0.01 - 
IV 71.60 70.81 0.326 0.07 <0.01 - 
1 Comparison combined two adipose tissue fatty acid data, added location as a factor in the 
model used for other analysis, each value is the average of 72 pigs. Actual fatty acid values 
by dietary treatment are provided in Table 4.13 and 4.14. 
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Table 4.16 Effect of different fat sources and VE supplementation on fatty acid profile1 of the liver 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Fatty acid, % Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Lipid, % TW 1.41 1.63 1.55 1.39 1.44 1.49 - - - - - 0.05
CO 1.47 1.49 1.34 1.79 1.79 1.40 
Fatty acid profile, % 
  C14 TW 0.51 0.49 0.60 0.49 0.55 0.50 - - <0.01 - - - 
CO 0.40 0.50 0.36 0.36 0.37 0.39 
  C16 TW 14.68 13.94 14.92 14.70 14.64 14.94 - - <0.01 - - 0.03 
CO 13.11 13.84 13.32 12.92 12.87 13.02 
  C16:1 TW 1.48 1.35 1.57 1.26 1.24 1.29 - - <0.01I 0.14 - - 
CO 0.43 0.68 0.35 0.49 0.45 0.42 
  C17 TW 0.69 0.71 0.69 0.66 0.66 0.69 - - <0.01 - - - 
CO 0.54 0.56 0.56 0.60 0.56 0.60 
  C18 TW 19.25 19.22 19.05 18.85 19.56 19.25 - - 0.04 - - - 
CO 19.33 19.72 20.50 19.93 19.95 19.53 
  C18:1 TW 16.96 15.57 17.00 16.39 16.87 16.71 - - <0.01 - - 0.09 
CO 11.09 11.89 11.07 11.37 11.15 10.41 
  C18:2 TW 15.25 14.81 14.75 15.44 15.37 14.70 - - <0.01 - - - 
CO 23.49 23.51 23.50 22.39 21.96 23.64 
  C18:3 n-3 TW 0.24 0.23 0.23 0.23 0.24 0.29 0.16 - <0.01 - - - 
CO 0.39 0.35 0.32 0.32 0.33 0.33 
  C18:3 n-6 TW 0.18 0.19 0.20 0.19 0.23 0.22 - - 0.02 - - - 
CO 0.25 0.26 0.22 0.22 0.23 0.27 
  CLA TW 1.20 1.24 1.26 1.32 1.44 1.22 - - - - - - 
CO 1.15 1.05 1.22 1.15 1.11 1.26 
  C20:1 TW 0.27 0.16 0.18 0.20 0.20 0.19 - - - - - - 
CO 0.15 0.21 0.19 0.14 0.15 0.17 Continued 
211 
212 
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  C20:2 TW 0.40 0.33 0.39 0.42 0.36 0.31 - - <0.01 - - - 
CO 0.77 0.64 0.71 0.71 0.71 0.68 
  C20:3 TW 1.21 0.85 0.79 0.75 0.94 1.26 - - 0.03 0.11 0.16 0.19 
CO 0.76 0.55 0.85 0.76 0.78 0.68 
  C20:4 TW 18.22 20.39 18.97 19.02 18.64 19.08 - - - - - 0.04
CO 19.22 19.24 19.44 19.57 20.19 20.58 
  C22 TW 0.38 0.32 0.27 0.24 0.35 0.31 0.07 - <0.01 - - - 
CO 0.14 0.11 0.20 0.13 0.15 0.11 
  C22:2 TW 2.16 2.06 2.27 2.18 2.35 1.71 - 0.19 <0.01 - - - 
CO 1.74 1.77 1.73 2.10 1.90 2.10 
  C22:4 TW 0.87 0.76 0.82 0.78 0.59 1.04 - - <0.01 - - - 
CO 0.95 0.94 0.98 1.09 0.96 0.87 
  C22:5 TW 1.41 1.42 1.38 1.49 1.31 1.58 0.10 - <0.01 - - - 
CO 1.11 1.07 1.06 1.31 1.13 1.17 
  C22:6 TW 0.80 1.09 0.89 0.83 0.84 1.20 - - <0.01 0.13 - - 
CO 0.71 0.44 0.57 0.63 0.80 0.84 
  ∑SFA TW 35.45 34.69 35.54 34.94 35.77 35.69 - 0.19 0.05 - - 0.12 
CO 33.51 34.72 34.87 33.95 33.90 33.65 
  ∑MUFA TW 18.72 17.08 18.75 17.85 18.31 18.18 - - <0.01 - - 0.16 
CO 11.67 12.79 11.61 12.00 11.74 11.00 
  ∑PUFA TW 41.93 43.37 41.94 42.22 42.29 42.49 - - <0.01 - 0.17 - 
CO 50.92 49.82 50.61 50.25 50.11 52.42 
IV TW 122.1 126.8 123.1 122.6 122.3 125.9 - - <0.01 - 0.07 0.09 
CO 132.7 130.2 131.4 131.9 132.4 136.4 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.9. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).  
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4.4.8 Meat quality 
The WHC was not affected by dietary treatments when measured by drip loss and 
purge loss as shown in Table 4.17. Neither was subjective meat quality affected by dietary 
treatments. As expected, belly flex was significantly affected by dietary fat sources but not 
dietary VE supplementation. Pigs fed CO diets had lower lateral distance (P < 0.05) and 
higher vertical distance (P < 0.05) under belly flex test than pigs fed TW diets. Belly angle 
increased with increasing content of SFA in the diet, that is, pigs fed TW diets had a greater 
belly angle than pigs fed CO diets (P < 0.05).  
4.4.9 Shelf life 
Meat color was measured at a retail time of 1, 3, 5, 7 days after the frozen loin 
samples were thawed and packaged in a retail foam tray overwrapped by PVC film. The 
results are provided in Table 4.18. Interactions between levels of dietary ATA 
supplementation and fat sources were observed on meat color including L (Day 5, P = 0.04; 
Day 7, P = 0.02), a (Day 7, P = 0.02), a/b (Day 3, P = 0.04; Day 5, P = 0.02), and Hue 
(Day 3, P = 0.03; Day 5, P = 0.02). Meat color differed with time in further analysis of the 
color change along with time. Decreases in the L (quadratic, P < 0.01), a (linear and 
quadratic, P < 0.01), b (linear, P < 0.01), a/b (linear and quadratic, P < 0.01), and chroma 
(linear, P < 0.01) were observed with increasing retail time. Hue angle increased (linear, P 
< 0.01) with time. No interaction between time and level of ATA or fat sources were 
observed, which reflected the lack of effect of dietary ATA on the developing of the color 
loss with time under retail display. 
Interestingly, differences between the two isoforms of VE on L (Day 1, P = 0.01; 
Day 3, P = 0.04; Day 7, P = 0.07), a (Day 1, P = 0.07; Day 7, P = 0.05), a/b (Day 1, P = 
0.01; Day 3, P = 0.06; Day 7, P = 0.06), and hue angle (Day 1, P = 0.01; Day 3, P = 0.07; 
Day 7, P = 0.06) were observed. Further comparison of the slopes of color development 
with time did not confirm the difference between different sources of VE. No significant 
interaction between isoforms of VE and dietary VE level or fat sources was observed on 
meat color during the whole period. 
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TBARS were also measured to assess oxidative stability and the results are 
provided in Table 4.19. No interactions between fat sources and levels of dietary VE 
treatments (isoforms or levels) were observed in this measurement. While numerical 
effects of increasing dietary ATA were present, levels of ATA did not affect lipid oxidation 
from day 1 to day 5 as measured by TBARS, however increasing dietary ATA decreased 
TBARS at day 7 (linear, P < 0.01). TBARS content in the loin muscle increased with time 
(linear and quadratic, P < 0.01), interaction between time and levels of ATA was observed 
(P < 0.05). Further comparison of the slopes for the development of TBARS along with 
time indicated that the TBARS in the loin muscle from pigs fed 11 ppm increased in a 
greater (P < 0.05) slope compared to that from pigs fed 40, 100 and 200 ppm ATA.  
No effect of isoform was observed on the lipid oxidation in this study. Dietary fat 
sources affected (P < 0.05) lipid oxidation from day 1 to day 7. When measured as TBARS 
content, the lipid oxidation development with time was affected by fat sources as indicated 
by the interaction between time and fat sources (P < 0.01). Further comparison of the slopes 
for the development of TBARS along with time also confirmed this effect, where the 
TBARS content from pigs fed CO diets increased in a greater (P < 0.05) slope compared 
to those from pigs fed TW diets.   
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Table 4.17 Effect of different fat sources and VE supplementation on meat quality1 of pigs 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Drip loss, % TW 5.99 5.63 5.67 5.21 7.16 7.19 0.19 - - 0.09 - - 
CO 7.38 5.20 6.08 5.36 6.62 7.12 
Purge loss4, % 
  Day 7 TW 3.60 4.50 4.12 5.42 5.69 4.40 - - - - - - 
CO 4.65 3.88 4.34 4.51 3.92 6.03 
  Day 14 TW 8.13 9.14 8.94 8.90 8.42 9.71 - - - - - - 
CO 9.22 9.73 9.43 9.35 9.85 7.98 
  Day 30 TW 12.02 12.89 12.70 11.71 14.48 13.60 - - - - - - 
CO 11.42 13.54 12.00 13.82 12.78 13.55 
Subjective meat quality5 
  Color TW 2.60 3.20 2.67 2.40 2.67 2.17 - - - 0.06 - - 
CO 3.00 3.00 2.50 2.83 2.67 2.20 
  Marbling TW 1.40 2.00 2.00 2.20 1.83 1.50 - - - 0.13 - - 
CO 1.80 2.00 2.17 1.33 1.50 1.40 
  Firmness TW 2.40 2.80 2.50 2.20 2.17 2.33 0.12 - - 0.15 - - 
CO 2.60 2.75 2.17 1.83 2.33 1.60 
Belly Flex, cm 
  Left side 
    Lateral TW 18.03 16.26 16.09 18.80 16.93 17.36 - - <0.01 - - - 
CO 11.68 10.48 11.01 11.26 10.16 9.14 
    Vertical TW 27.18 27.94 27.73 25.40 28.36 25.82 0.14 - <0.01 - - - 
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  Right side 
    Lateral TW 17.78 15.75 16.51 15.24 16.72 15.03 - - <0.01 - - - 
CO 10.41 10.41 11.01 11.18 10.37 9.40 
    Vertical TW 28.45 29.46 29.00 29.72 27.94 28.15 - - 0.05 - - - 
CO 32.26 30.16 31.33 31.88 30.48 31.24 
Belly angle6, o TW 66.79 58.72 59.74 64.40 62.30 62.21 - - <0.01 - - - 
CO 38.20 38.11 40.11 40.63 36.60 33.79 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.10. 
2 Statistical model used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 3, 
and 4). L, linear; Q, quadratic. No interaction between fat sources and dietary ATA levels was observed. 
3 Statistical model used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6). 
4 Time effect, linear and quadratic, P < 0.01; no interaction between time and fat sources or dietary VE treatments (isoform and levels) 
was observed. 
5 Color: National pork producers council (NPPC) color scale (1-5): 1= pale pinkish to white; 5 dark purplish red. Marbling: NPPC 
marbling scale (1-5): percentage fat in the loin muscle. Firmness: NPPC firmness scale (1-5): 1= very soft; 5 = very firm.  
6 Belly angle was calculated as: arctangent (left side lateral distance/ left side vertical distance) + arctangent (right side lateral distance/ 
right side vertical distance). 
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Table 4.18 Effect of different fat sources and VE supplementation on shelf life of loin muscle measured as meat color1 
P-value
Isoforms ATA 2 
ATA, ppm γ-T, ppm Level Fat Isoforms
3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
L4 
  Day 1 TW 53.40 48.32 56.98 51.86 54.56 55.29 0.20 - - 0.01 0.07 - 
CO 51.51 51.08 51.71 54.43 55.18 54.89 
  Day 3 TW 56.23 50.58 57.66 53.23 55.31 56.61 - - - 0.04 0.17 - 
CO 52.27 52.68 53.06 55.44 55.94 55.33 
  Day 5 TW 56.05 51.24 58.25 54.19 54.52 56.97 0.20 - -I 0.13 - - 
CO 53.99 53.91 53.58 57.28 56.71 55.16 
  Day 7 TW 53.02 48.93 56.80 50.29 53.32 54.88 0.61 - -I 0.07 - - 
CO 52.63 50.29 49.50 54.28 54.12 52.79 
a5 
  Day 1 TW 7.52 8.26 6.80 7.52 6.84 7.13 - - - 0.07 - - 
CO 7.54 7.37 7.53 7.52 7.20 6.54 
  Day 3 TW 7.84 9.44 7.46 8.54 7.85 7.75 - - - 0.14 0.15 - 
CO 8.36 8.07 8.37 7.48 7.73 8.04 
  Day 5 TW 6.05 6.88 6.29 7.26 6.93 6.91 - - - - - - 
CO 6.28 6.46 7.34 5.71 6.44 7.06 
  Day 7 TW 6.53 6.50 5.47 7.56 5.65 5.57 - - -I 0.05 - - 
CO 5.84 6.34 6.90 5.99 5.78 6.02 
b6 
  Day 1 TW 14.88 13.51 15.11 14.44 14.25 14.73 0.20 - - - - - 
CO 13.93 13.75 14.19 14.78 14.50 14.48 
  Day 3 TW 16.09 15.31 16.35 15.76 15.70 16.17 - - 0.18 0.16 - - 
CO 15.49 15.38 15.76 15.74 15.85 16.08 
  Day 5 TW 15.86 15.01 15.83 15.33 15.16 16.13 - - - 0.15 - - 
CO 15.00 14.92 15.49 15.62 15.70 15.51 
  Day 7 TW 17.13 15.21 17.10 16.81 16.11 17.13 0.11 - - - - - 
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a/b7 
  Day 1 TW 0.51 0.62 0.45 0.52 0.48 0.48 - - - 0.01 0.12 - 
CO 0.54 0.54 0.53 0.51 0.50 0.45 
  Day 3 TW 0.49 0.62 0.46 0.54 0.50 0.48 - - -I 0.06 0.10 - 
CO 0.54 0.52 0.53 0.48 0.49 0.50 
  Day 5 TW 0.38 0.46 0.40 0.47 0.46 0.43 - - -I - - - 
CO 0.42 0.43 0.47 0.37 0.41 0.46 
  Day 7 TW 0.39 0.44 0.32 0.45 0.36 0.32 - - - 0.06 - - 
CO 0.36 0.39 0.40 0.35 0.33 0.36 
Hue angle8 
  Day 1 TW 1.10 1.02 1.15 1.10 1.12 1.12 - - - 0.01 0.13 - 
CO 1.07 1.08 1.08 1.10 1.11 1.15 
  Day 3 TW 1.12 1.02 1.14 1.08 1.11 1.12 - - -I 0.07 0.11 - 
CO 1.08 1.09 1.08 1.13 1.12 1.11 
  Day 5 TW 1.21 1.15 1.19 1.13 1.14 1.17 - - -I - - - 
CO 1.18 1.17 1.13 1.22 1.18 1.14 
  Day 7 TW 1.21 1.16 1.26 1.15 1.23 1.26 - - - 0.06 - - 
CO 1.22 1.20 1.19 1.24 1.25 1.23 
Chroma9 
  Day 1 TW 16.69 15.85 16.58 16.31 15.82 16.37 - - - - - - 
CO 15.85 15.62 16.07 16.65 16.20 15.92 
  Day 3 TW 17.96 18.01 18.01 17.92 17.58 17.94 - - 0.12 - - - 
CO 17.62 17.38 17.85 17.46 17.66 18.00 
  Day 5 TW 16.99 16.56 17.05 16.97 16.69 17.56 - - - 0.19 - - 
CO 16.28 16.27 17.15 16.65 16.99 17.05 
  Day 7 TW 18.43 16.58 17.98 18.53 17.13 18.02 0.06 - - - - - 
CO 17.14 17.72 18.80 18.62 18.53 18.23 
1 Values are average of 6 replicates. L, linear; Q, quadratic. L Time linear, P < 0.05; Q time quadratic, P < 0.05. I Significant interaction 
between fat and dietary VE level, P < 0.05; P-values for sex and other interactions are listed in Appendix Table A.4.10. 
2 Statistical model used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 3, 
and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05.  
3 Statistical model used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).  
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4 Time effect, quadratic, P < 0.01; interaction between time and fat sources, P =0.10; interaction between time and isoforms of VE, P = 
0.07. No interaction between time and dietary ATA levels was observed. 
5 Time effect, linear and quadratic, P < 0.01; interaction between time and isoforms of VE, P =0.02. No interaction between time and 
fat sources or dietary ATA levels was observed. 
6 Time effect, linear, P < 0.01; no interaction between time and fat sources or dietary VE treatments (isoform and levels) was observed. 
7 Time effect, linear and quadratic, P < 0.01; interaction between time and isoforms of VE, P = 0.02. No interaction between time and 
fat sources or dietary ATA levels was observed. 
8 Time effect, linear and quadratic, P < 0.01; interaction between time and isoforms of VE, P = 0.02. No interaction between time and 
fat sources or dietary ATA levels was observed. 
9 Time effect, linear, P < 0.01; interaction between time and isoforms of VE, P =0.02. No interaction between time and fat sources or 
dietary ATA levels was observed. 
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Table 4.19 Effect of different fat sources and VE supplementation on shelf life of loin muscle measured as TBARS1 (µg MDA/kg wet 
meat) 
P-value
Isoforms ATA 2 
ATA, ppm γ-T, ppm Level 
Fat 
Isoforms3 
Time Fat 11 40 100 200 40 100 L Q IF IF*Level IF*Fat 
Day1 TW 0.28 0.23 0.22 0.22 0.26 0.25 - - 0.02 - - 0.19 
CO 0.26 0.29 0.29 0.29 0.27 0.28 
Day3 TW 0.32 0.31 0.29 0.30 0.32 0.30 - - <0.01 0.19 0.18 - 
CO 0.37 0.33 0.36 0.34 0.39 0.35 
Day5 TW 0.41 0.35 0.33 0.39 0.34 0.33 0.15 0.12 0.09 - - - 
CO 0.44 0.39 0.43 0.37 0.41 0.46 
Day7 TW 0.74 0.59 0.53 0.56 0.63 0.64 <0.01 0.15 <0.01 - - 0.05 
CO 0.87 0.75 0.78 0.65 0.61 0.73 
1 Values are average of 6 replicates. Time effect, linear and quadratic, P < 0.01; interaction between time and dietary ATA levels, P < 
0.05; interaction between time and fat sources, P < 0.01. No interaction between time and isoforms of VE was observed. P-values for 
sex and other interactions are listed in Appendix Table A.4.11. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 
3, and 4). L, linear; Q, quadratic. No interaction between fat sources and dietary ATA levels was observed. 
3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources (data columns 2, 3, 5, and 6).   
4 Time effect on TBARS, linear and quadratic, P < 0.0001, with interaction with both fat sources and levels of ATA (P < 0.05). 
220 
221 
4.4.10 Antioxidant status 
As shown in Table 4.20, no effect of dietary fat sources and isoforms of VE, and 
no interaction between dietary VE treatments (isoforms and levels) and fat sources were 
detected on liver antioxidant status when measure as content of GSH, GSSG, and MDA, 
and activity of SOD.  Significant effect of dietary ATA levels was observed on  SOD 
activity and MDA content in the liver but not GSH or GSSG content, wherein increasing 
dietary ATA from 11 to 200 ppm increased SOD activity (quadratic, P < 0.05; highest at 
100 ppm), and decreased MDA content (quadratic, P < 0.05; lowest at 40 ppm) in the liver. 
4.4.11 Immune response 
As shown in Table 4.21, the Flusure vaccination was proven to be effective in 
generating particular antibodies against the virus included in the vaccine as supported by 
the large increase in antibody content following the second vaccination. No effect of 
dietary fat sources, isoforms of VE, and levels of dietary VE, and no interaction between 
dietary VE treatments and fat sources were detected on the immune response when 
measured by the content of antibody titers. 
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Table 4.20 Effect of different fat sources and VE supplementation on antioxidant status1 in pigs 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level Isoforms3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level 
Total GSH, 𝜇mol/g wet liver TW 10.21 11.46 10.57 10.11 11.11 12.37 - - - - 
CO 12.39 9.73 12.09 11.03 12.19 10.77 
GSSG, 𝜇mol/g wet liver TW 0.81 0.84 0.73 0.72 0.90 0.89 0.08 - - - 
CO 0.98 0.67 0.89 0.78 0.97 0.79 
GSH, 𝜇mol/g wet liver TW 8.60 9.78 9.11 8.66 9.30 10.60 - - - - 
CO 10.44 8.38 10.31 9.47 10.26 9.18 
GSH/GSSG TW 12.06 12.22 15.19 12.58 10.66 12.29 0.15 - - - 
CO 11.45 15.37 12.36 12.26 10.87 11.99 
GSH 𝜇mol/g protein TW 88.15 99.38 90.88 85.05 96.79 105.16 - - - - 
CO 100.20 85.80 97.76 91.99 96.70 85.20 
GSSG 𝜇mol/g protein TW 8.08 8.47 7.20 7.00 9.45 8.82 0.07 - - - 
CO 9.44 6.94 8.39 7.57 9.19 7.32 
SOD, U/mg wet liver TW 3.51 4.17 4.33 3.80 4.14 4.23 0.08 0.02 - 0.06
CO 3.89 3.59 4.38 4.33 4.49 4.09 
SOD, U/mg protein TW 35.98 41.96 42.92 37.20 43.15 42.14 0.10 0.03 - 0.09
CO 37.36 36.26 41.30 41.65 42.06 38.24 
MDA, nmol/g wet liver TW 9.10 7.49 8.01 7.69 7.24 7.98 0.06 0.07 0.15 - 
CO 9.32 6.77 7.46 8.14 9.40 9.63 
MDA, nmol/g protein TW 90.11 74.04 79.05 76.12 75.93 77.49 0.04 0.02 0.18 - 
CO 88.42 68.69 69.58 79.03 89.67 88.56 
1 Values are average of 6 replicates. P-values for sex and other interactions are listed in Appendix Table A.4.11. 
2 Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 




3 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 
sources. No interaction between fat sources and isoforms of VE was observed (data columns 2, 3, 5, and 6).     
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Table 4.21 Effect of different fat sources and VE supplementation on antibody titers1 of pigs to swine influenza2 vaccination 
P-value
Isoforms ATA2 
ATA, ppm γ-T, ppm Level Fat  Isoforms
3 
Items Fat 11 40 100 200 40 100 L Q IF IF*Level 
Day 0 
  ELISA TW 0.83 0.77 0.85 0.79 0.86 0.83 - 0.16 0.03 - - 
CO 0.91 0.93 0.77 0.88 0.84 0.91 
 
  H1N2 TW Neg Neg Neg Neg Neg Neg - - - - - 
CO Neg Neg Neg Neg Neg Neg 
 
  H1 TW Neg Neg Neg Neg Neg Neg - - - - - 
CO Neg Neg Neg Neg Neg Neg 
 
  H3N2 TW Neg Neg Neg Neg Neg Neg - - - - - 
CO Neg Neg Neg Neg Neg Neg 
 
Day 21 
  ELISA TW 0.80 0.71 0.78 0.78 0.74 0.75 - 0.16 - - - 
CO 0.86 0.75 0.73 0.77 0.71 0.81 
 
  H1N2 TW 5.85 6.03 5.02 2.62 5.02 5.63 0.01 - - - 
CO 5.02 6.56 2.76 2.76 4.47 2.62 
 
  H1 TW 4.31 5.02 2.62 Neg 2.94 3.30 0.09 0.14 0.18 0.17 0.04 
CO 5.63 7.65 Neg 6.03 2.62 Neg 
 
  H3N2 TW Neg Neg Neg Neg Neg Neg - - - - - 
CO 2.62 Neg Neg Neg Neg Neg 
 
Day 36 
  ELISA TW 0.32 0.17 0.22 0.25 0.29 0.20 - - -I - - 
CO 0.23 0.22 0.27 0.22 0.16 0.37 
 
  H1N2 TW 160.00 139.29 113.14 113.14 80.00 126.99 - - - - - 
CO 80.00 113.14 121.26 121.26 113.14 71.27 
 
  H1 TW 126.99 183.79 142.54 179.59 126.99 160.00 0.15 - 0.14 - - 
CO 113.14 142.54 105.56 160.00 179.59 100.79 
 
  H3N2 TW 80.00 121.26 126.99 80.00 56.57 80.00 - 0.19 0.20 0.13 - 
CO 44.90 80.00 80.00 105.56 80.00 50.40 
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1 Values are average of 6 replicates. Means for all the antibody titer values were geometric means, data were transformed with natural 
logarithm for analysis. Result with Negative (Neg) was applied the value of 2 to enable ANOVA analysis. L linear, P < 0.05. P-values 
for sex and other interactions are listed in Appendix Table A.4.5. 
2 ELISA results were expressed as the ratio of ELISA optical densities for the specimen and the negative control (S/N). Titer of three 
virus antibodies to IAV-S  Zoetis Delta 1 726H H1N2 (H1N2), IAV-S Zoetis gamma H1 XP-012 (H1), and IAV-S H3N2 Cluster IV 
(H3N2) was analyzed, respectively.   
3Statistical analysis used 8 treatments with a 4×2 factorial arrangement of four levels of ATA and two fat sources (data columns 1, 2, 3, 
and 4). L, linear; Q, quadratic. I Interaction between fat and dietary VE level, P < 0.05. 
4 Statistical analysis used 8 treatments with a 2×2×2 factorial arrangement of two isoforms (IF) of VE, two levels of VE and two fat 




4.5.1 Fat quality 
The fats used in this study were supplied by the same distributers who supplied fats 
for the first study. Similarly, the FA profile of different fat sources was very close to the 
value listed in NRC (2012), the MIU content of the two fats were both less than 2%. The 
results confirmed their representativeness as designed fat sources.  
The analyzed FFA content in the distiller’s corn oil was 10.25%, which was much 
higher than expected. The high content of FFA indicated potential hydrolysis and oxidation 
of the corn oil that was used (Zinn and Center, 1995). According to a survey published by 
Song and Shurson (2013), the lipid peroxidation level in corn dried distillers grains with 
solubles (DDGS) samples from 31 U.S. ethanol plants was generally higher than that of 
the regular corn sample obtained from a corn processing plant. The average peroxide value 
(PV) and thiobarbituric acid reactive substances (TBARS) content for these 31 DDGS 
samples were 13.9 meq/kg oil and 1.9 ng malondialdehyde (MDA), respectively. The 
greatest PV among DDGS samples was 27 times greater than that of the regular corn 
sample (3.1 meq/kg oil), the greatest TBARS content was 25 times greater than that of the 
corn sample (0.2 ng MDA equivalents/mg oil). This partly confirmed the similarity 
between the distiller’s corn oil that was used and the corn oil that is present in the DDGS 
routinely available in the market to evaluate the issue of extensive use of DDGS over a 
long period. 
Additionally, the presence of a higher content of trans fatty acid up to 4.74% also 
distinguished tallow from other fat sources. Trans UFAs are widely found in animal fat, 
though rarely found in vegetable oil. Although in most animals, they originate from diets, 
trans UFAs can be synthesized in the rumen by microbial hydrogenation of PUFA. As a 
result, tallow could contain 4.5-10% trans unsaturated fatty acid even when cattle were fed 
routine diets (Sommerfeld, 1983).   
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4.5.2 Growth performance 
Similar to Study 1, a quadratic response of ADG and ADFI to the increasing body 
weight up to 150 kg was observed in the current study, with ADG peaking at Phase 2 (50-
75 kg), and ADFI peaking at Phase 4 (100-125 kg). The result is in agreement with previous 
published studies, where quadratic responses of both ADG and ADFI to the increasing live 
weight up to 160 kg were reported, with ADG peaking at approximately 78 and 77 kg live 
weight for barrows and gilts, respectively, and decreased after that, and ADFI peaking at 
approximately 115 and 121 kg for barrows and gilts, respectively, and decreased 
subsequently (Latorre et al., 2003; Latorre et al., 2004; Shull, 2013). The linear increase in 
F/G observed in the current study is also in agreement with the general trend of F/G along 
with increasing body weight (Latorre et al., 2003; Shull, 2013).  
Although no interactions between fat sources and levels of ATA were detected on 
the growth performance of each phase, significant effects of fat treatment and dietary ATA 
level were observed in the current study. Pigs fed CO diets tended to have a higher ADG 
during Phase 4, and higher ADFI during Phase 4 and Phase 5 compared to pigs fed tallow 
diets. This effect might be due to the difference in the palatability and energy density of 
the oils. As reported by a previous study, where pigs were fed diets with 6% fat from 
soybean oil, choice white grease, palm oil, animal-vegetable blend, or tallow, similar 
effects on overall ADG and ADFI from 72 to 130 kg were reported (Liu et al., 2018). The 
beneficial effect of CO on growth performance over TW was also in agreement with the 
result of Chapter 3. 
Beneficial effects of increasing dietary ATA supplementation from 11 to 200 ppm 
were observed in the current study, with linearly increased ADG and ADFI during Phase 
1, Phase 3 and Phase 4, and linearly increased overall ADG from 28 to 150 kg. The linear 
increase in growth performance kept growing since Phase 2, and lasted until Phase 5. This 
result is in agreement with several previous studies as reviewed in Table 2.8, four out of 
nine papers reported significant effects on ADG, and 1 paper reported a significant effect 
on F/G (Asghar et al., 1991b; Onibi et al., 2000; Niculita et al., 2007). However, there were 
also several publications which did not detect this beneficial effect of ATA on growth 
performance. Lauridsen et al. (1999) reported no beneficial effect of supplementation of 
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supra-nutritional levels of VE, where feeding pigs with 200 ppm dietary VE reduced ADG 
compared to pigs fed either 0 or 100 ppm dietary VE. Onibi et al. (2000) also reported 
negative effect of dietary VE supplementation at 200 ppm compared to an unsupplemented 
control group. As previously discussed in Chapter 2, many confounding dietary factors 
including the content of selenium (Se), UFAs, other vitamins, copper, synthetic 
antioxidants, and even the physiological status of the animal can also contribute to the 
variability of VE research. This is illustrated by the interaction between fat sources and 
ATA that was observed on cumulative ADG during Phase1-4 wherein pigs fed corn-oil-
diet, but not tallow-diet, had increased ADG with increased dietary ATA. This result 
reflects the potential difference when different fat sources are used together with the high 
levels of dietary ATA. In addition, the current study followed recommendation of OVN 
vitamin supplementation guideline (DSM, 2016), which are at least three times as much as 
that recommended by NRC (2012) for most vitamins, the threshold effect of VE, in this 
case, might be much more significant than the previous studies that had lower 
supplementation of other vitamins by following recommendation of NRC (2012). 
Additionally, the beneficial effect of VE supplementation was mainly observed at a heavier 
weight after 100 kg, which might be the reason that some studies with lighter slaughter 
weight failed to report the beneficial effect of supra-nutritional dietary VE supplementation 
up to 300 ppm (Dove and Ewan, 1991; Waylan et al., 2002; Lauridsen et al., 2013). 
An interesting tendency of the interaction between the levels of γ-T and fat sources 
was observed during Phase 2 and Phase 4, wherein increasing γ-tocopherol decreased ADG 
when pigs were fed with tallow diets during Phase 2 and Phase 4 but not when pigs were 
fed corn oil diets. Interactions between isoforms of tocopherol and their levels on ADG 
(Phase 3 and Phase 5) and ADFI (Phase 2 and Phase 3) was also observed. The result shows 
the different response of growth performance to dietary ATA and γ-T, where increasing 
dietary γ-T from 40 to 100 ppm did not improve growth performance. Since there has been 
no research using γ-T as the primary VE source for pigs, this response could be partly 
supported by the research in rats where the bioavailability of D-γ-tocopherol was only 13% 
of DL-α-tocopheryl acetate (Bieri and Evarts, 1974; Leth and Søndergaard, 1977). 
However, the scattered improvement in growth performance in 40 ppm tocopherol-TW 
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groups from dietary γ-T compared to ATA may indicate the potential benefit of dietary γ-
tocopherol supplementation. More research needs to be done for a better understanding. 
 
4.5.3 Plasma and tissue tocopherol   
In agreement with previous studies, no β-tocopherol and δ-tocopherol was detected 
in plasma and tissues, although these isoforms are normally present in feed components of 
plant and seed origin (Asghar et al., 1991a). The primary tocopherol detected in plasma 
and tissues was α-T, while γ-T was also detected although at a much lower concentration 
than α-T.  
In the current study, α-T concentration in plasma increased with time when pigs 
were fed diets from 11 to 200 ppm ATA, and the increase of plasma α-T was faster when 
dietary ATA was more than 40 ppm compared to 11 ppm, while did not differ among levels 
of 40, 100, and 200 ppm. This result may indicate the plateau of plasma α-T at 40 ppm 
dietary ATA supplementation, which is in agreement with Moreira and Mahan (2002). The 
quadratic response of plasma α-T and total tocopherol concentration is also in agreement 
with another previous study, where supra-nutritional VE supplementation in the form of 
ATA for 28 days before slaughter maximized muscle VE concentration in finisher pigs, 
when provided with 35, 300, 500 and 700 ppm dietary VE for 14, 28 and 42 days (Kim et 
al., 2015). In the current study, the increase in plasma VE concentration with time slowed 
down after Phase 2 (around 40 days). Besides, the quadratic response of plasma α-T to the 
increasing dietary ATA level from 11 to 200 ppm can also indicate the decreased rate of 
absorption or increased clearance, if absorbed,  when dietary ATA level was over 40 ppm.  
The increased intake of dietary ATA can be absorbed and deposited into tissues 
including liver and muscle readily, and the deposition increases linearly with increasing 
dietary supplementation. The result is in agreement with previous studies as reviewed in 
Chapter 2 (Monahan et al., 1990; Dove and Ewan, 1991; Yang et al., 2009; Lauridsen, 
2010; Lauridsen et al., 2013). Also, the effect of fat sources on the plasma and tissue α-T 
concentration is in agreement with Study 1 and other previous studies, where the α-T 
concentrations in plasma and tissues (liver, muscle, and adipose tissues) decreased when 
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pigs were fed higher PUFA diets (from linseed and safflower oil) than the no added-fat 
control diets, and increased when pigs were fed high SFA diets such as olive oil and 
coconut oil (Prévéraud et al., 2014; Prévéraud et al., 2015). The MUFA content was also 
reported to be positively associated with tissue VE concentrations, due to the favorable role 
of oleic acid (C18:1) in the secretion of VE enriched chylomicrons (Prévéraud et al., 2015). 
Regarding the difference in the FA profile of different fat sources, VE emulsified in MUFA 
had better gastrointestinal absorption compared to PUFA (Gallo-Torres et al., 1977). 
Because of the γ-T in the fat sources used in the current study, γ-T started to be 
detectable at the end of Phase 1. Thereafter, the concentration of both γ-T and α-T in plasma 
increased with the increasing dietary γ-T. However, the concentration of plasma γ-T 
displayed a reverse correlation to the dietary ATA, which decreased when dietary ATA 
increased from 11-200 ppm. Besides, the increase in γ-tocopherol concentration in both 
liver and muscle along with the increasing dietary γ-tocopherol was not significant. Similar 
results have not been reported in pigs although it has been reported in mice and human 
(Wolf, 2006; McCary et al., 2011), where intake of 400 IU of α-T three time daily for 2 
months increased plasma α-T to 200-400% and decreased plasma γ-T to 30-50% of initial 
levels. As summarized by Wolf (2006), there are three potential mechanisms to explain 
this result: 1) increased α-T competed for the access to the transfer protein αTTP, through 
which the amount of γ-tocopherol in the circulation is reduced despite the low fraction of 
γ-T transferred by αTTP (Traber et al., 2005); 2) increasing α-T triggered the hepatic 
enzyme metabolizing both α-T and γ-T, leading to the rapid excretion of γ-tocopherol; 3) 
animal tissues preferentially metabolize non- α-T forms of tocopherol, and preferentially 
deposit α-T, which leads to the rapid metabolism of γ-T. 
Additionally, a significant effect of isoforms of tocopherol was detected on 
tocopherol concentration in both muscle and liver, where higher tissue α-T concentration 
in pigs fed ATA was detected compared to pigs fed γ-T, with an interaction with fat sources. 
The difference in tocopherol deposition was greater in TW groups compared to CO groups. 
The average α-T deposition in pigs supplied with α-T was 2.2 and 1.6 times as high in 
muscle and liver, respectively, as that of pigs fed γ-T diets when TW diets were supplied, 
while 1.6 and 1.1 times difference when corn oil diets were supplied. This result further 
confirmed the similarity of the deposition of tocopherol in swine and rats. Previous studies 
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in rats showed that the bioavailability of D-γ-T was only 13% of DL-α-tocopheryl acetate 
(Bieri and Evarts, 1974; Leth and Søndergaard, 1977). Although absorption rates for both 
α-T and γ-T are similar, the deposition efficiency of these two isoforms varies. When equal 
amounts of α-T and γ-T (0.2 mg tocopherol per day) were administered to mice, 10 times 
more α-T than γ-T was acquired by tissues due to the preferential transfer of α-T to lipid 
particles in the liver via αTTP (McCary et al., 2011). To achieve approximately equimolar 
lung tissue levels of γ-tocopherol as that for lung tissue levels of α-T, 10 times more γ-
tocopherol was needed even through subcutaneous administration (McCary et al., 2011).  
 
4.5.4 Fatty acid profile and iodine value in adipose tissues 
In the current research, partly corresponding to the intake of different individual 
FAs, pigs fed tallow diets had more SFA including C12, C14, C16, and C18, and more 
MUFA including C14:1, C16:1, C18:1, and C20:1, while less PUFA including C18:2, 
C18:3n3, C20:2, C20:3 and C20:4 compared to pigs fed CO diets. The FA composition of 
pig adipose tissue reflects that of the diet because part of the dietary fat is directly 
incorporated into the lipid tissues in pigs after intake (Averette Gatlin et al., 2002; Corino 
et al., 2002; Rentfrow et al., 2003; King et al., 2004). 
As the most common FA in grains and oilseeds, the linoleic acid content, which is 
relatively low in animal fat, is one of the most reported changes with different dietary fat 
sources. The intake of linoleic acid was higher in the corn oil groups than tallow groups in 
the current study, it was 2.6 times as much as the intake of linoleic acid in tallow groups. 
As a result, the concentration of linoleic acid in pigs fed corn oil diets was 2.8 and 2.7 times 
as much as in pigs fed tallow diets in the backfat and belly fat respectively. The similar 
relative ratio of increase indicated the dosage dependent deposition of linoleic acid in the 
adipose tissues. This result is in agreement with previous studies, where the proportion of 
linoleic acid in subcutaneous adipose tissue and backfat increased from as low as 10% on 
a diet with 5% olive oil to over 30% on diets supplemented with 5% soy oil, which contains 
around 53% linoleic acid (Ellis and Hankins, 1925; Ellis and Isbell, 1926; Averette Gatlin 
et al., 2002; Nuernberg et al., 2005; Apple et al., 2009a, b). The extent of the change in 
linoleic acid content in muscle and lipid tissues was always the greatest among all the FAs, 
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when unsaturated vegetable oil (such as safflower oil, soybean oil, corn oil) were compared 
to animal fat (such as tallow and choice white grease) as fat sources for pigs (Mitchaothai 
et al., 2007; Corino et al., 2008; Apple et al., 2009a, b; Apple et al., 2009c; Browne et al., 
2013a).   
Oleic acid (C18:1) is the most abundant FA in the adipose tissues of pigs. Due to 
the active synthesis activity in tissues catalyzed by Δ9 desaturase (stearoyl-coA-desaturase, 
EC 1.14.99.5) from stearoyl-CoA (Kouba and Mourot, 1998; Kouba et al., 2003), it 
changes in a relatively smaller range along with different dietary fat sources, compared to 
linoleic acid. Although there was also a big difference in oleic acid intake among different 
fat sources in the current study with the highest intake in TW diets which was 1.3 times as 
much as that of corn oil diets, the concentration of oleic acid in backfat and belly fat in pigs 
from TW goup was 1.2 % times as high as that of corn oil group. The result is different 
from that of study one, where the metabolic modification of oleic acid was more active, 
while the change in the oleic acid concentration is in agreement with previous studies. 
When pigs were fed with diets containing various fat sources such as corn oil, soybean oil, 
tallow, poultry fat, sunflower oil, linseed oil, and olive oil, the content of oleic acid in 
adipose tissues varied from as low as 32% on a no-fat-added diet to as high as 45% when 
pigs were fed 5% choice white grease (Nuernberg et al., 2005; Benz et al., 2011a, b; 
Browne et al., 2013a; Kellner et al., 2014, 2015; Kellner et al., 2016). Based on these 
research, it is reasonable to conclude that the metabolic modification of oleic acid is highly 
dependent on the dietary intake of this FA and other related FAs such as stearic acid. 
Another abundant FA in adipose tissues of pigs is palmitic acid (C16), which 
changes to a much smaller extent than oleic acid and linoleic acid, but changes consistently 
when dietary fat is switched, depending on the difference among the fat sources. In this 
study, the intake of C16 was 1.6 times as high in pigs fed TW diets as that of pigs fed corn 
oil diets, while only 11.6% and 8.5% difference in the concentration of C16 in backfat and 
belly fat were detected, respectively. The palmitic acid can be synthesized endogenously 
actively via de novo lipogenesis, and it is the end product of lipogenesis in the cytoplasm 
of cells. A significant change in tissue palmitic acid content was also reported when dietary 
palmitic acid content differed by supplementation of beef tallow or sunflower oil. There 
were 23% and 21% palmitic acid in the subcutaneous fat, and 22% and 19% in the backfat 
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when pigs were fed with beef tallow or sunflower oil, respectively (Mitchaothai et al., 
2007). A significant difference in adipose tissues were detected even though only around 
2% difference in palmitic acid content was presented, when supplementation of animal fats 
(5%) including beef tallow and poultry fat were compared to soybean oil (5%) and no fat-
added diets (Apple et al., 2009a, b; Apple et al., 2009c), and when 5% linseed oil 
supplementation was compared to 5% olive oil supplementation (Nuernberg et al., 2005), 
and when supplementation of 5% choice white grease were compared to 5% soybean oil 
(Benz et al., 2011a). Another study reported significant difference in palmitic acid content 
when there was less than 1% difference in dietary concentration where the supplementation 
of 4.7 % yellow grease was compared to the supplementation of 5% tallow (Browne et al., 
2013a). The metabolic modification over SFA is quite active while it is also regulated by 
the intake of different FAs.  
Another FA comprising more than 10% in adipose tissues is stearic acid (C18:0), it 
also changes with variations in dietary FA profile, but to a much smaller extent than linoleic 
acid and oleic acid and a relatively larger extent than palmitic acid. Stearic acid is more 
abundant in animal fat than in plant fat, and can be actively synthesized through an 
elongation enzyme system with malonyl CoA as the 2-carbon units in endoplasmic 
reticulum membrane of adipose cells (Kouba and Mourot, 1998). In the current study, the 
intake of C18:0 in pigs fed tallow diets was 6.5 times as much as that of pigs fed corn oil. 
However, only 19.6% and 15.6% difference caused by the supplementation of tallow and 
corn oil. A similar result was previously reported when animal fats were compared to 
vegetable oils, significant differences were reported with lower stearic acid content in 
adipose tissue of pigs in vegetable oil groups such as sunflower oil, soybean oil, and corn 
oil (Mitchaothai et al., 2007; Apple et al., 2009a; Apple et al., 2009c). However, other 
research reported no significant difference in stearic acid when different animal fats or 
vegetable fats were compared as fat sources for pigs (Nuernberg et al., 2005; Corino et al., 
2008; Browne et al., 2013a). No difference in adipose tissue stearic acid content was 
detected when yellow grease supplementation (5%) was compared to beef tallow (5%), due 
to the lack of dietary difference in this FA (Browne et al., 2013a). Corino et al. (2008) 
reported a similar result when dietary supplementation of 2.5% sunflower oil was 
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compared to 5% extruded linseed. These results show that the synthesis and deposition of 
stearic acid could be regulated by dietary supplementation of stearic acid and other FAs.   
The variation in the concentration of the other PUFAs including C18:3 n-6, C18:3 
n-3, and CLA in response to the dietary fat treatments generally followed the difference in 
the intake of the individual FAs, or other relative FAs which can act as the substrate for the 
synthesis of the FAs. The increase in the deposition in the adipose tissue was mainly due 
to the increase in the intake of these FAs, together with the active metabolic modification 
in the adipose tissues (Ramsay et al., 2001; Thiel-Cooper et al., 2001; Tischendorf et al., 
2002).  
The iodine value displayed similar trends with the FA profile, the higher IV value 
of backfat and belly fat was observed when pigs were fed CO diets compared to pigs fed 
TW diets. It is through the FA profile that dietary fat treatments affect the iodine value of 
tissues (Wood et al., 2004; Benz et al., 2011a, b). The current result is in agreement with 
the previous studies which reported the close correlation between dietary FAs and pork IV 
(NRC, 2012; Kellner et al., 2016). 
As expected, the VE supplementation including levels and isoforms of tocopherol 
displayed very limited effect on the FA profile of adipose tissues. The result was not 
reported before, much research needs to be done to better interpret the underlying 
connection in VE supplementation and tissue FA profile. 
 
4.5.5 Fatty acid profile and iodine value in the liver 
Regardless of the dietary treatment, the FA profile in the liver was different from 
adipose tissues. For example, the highest content of FA was C18 in the liver, instead of 
C18:1, which was the highest in adipose tissues. Also, the high concentration of C20:4 in 
the liver, which was converted from C18:2 and C18:3, indicated the active metabolism and 
modifications of FAs in the liver (Jump et al., 2005). Although a difference between fat 
treatments for content of most FAs was closely related to the dietary FAs intake, the relative 
concentration of each FA was not decided only by the intake. This result is in agreement 
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with previous studies, which reported the active modification including elongation and 
desaturation in the liver (Jump et al., 2005; Duran-Montgé et al., 2009).   
Similar to the response in adipose tissues, the FA profile in the liver changed 
depending on the difference in the intake of different FAs in the current study. Overall, the 
pigs fed tallow diets had higher content of SFA and MUFA, compared to the pigs fed corn 
oil diets. The result is in agreement with previous studies using different fat sources but 
with similar differences among fat treatments (Jump et al., 2005; Duran-Montgé et al., 
2009).  
 
4.5.6 Shelf life 
It is through the FA profile and deposited VE that dietary fat treatments affect IV 
value, firmness, and the oxidative stability of pork. Different FAs have different melting 
points in meat and displays different oxidative stability (Wood et al., 2004; Benz et al., 
2011a, b), and VE is a widely known antioxidant (Bosi et al., 2000; Lauridsen et al., 2013).  
As reviewed in Chapter 2, when the UFA content in pork increases, the pork gets 
softer and easier to be oxidized, leading to a short shelf life (Dugan et al., 2004; King et al., 
2004; Apple et al., 2008; Apple et al., 2009c; Eastwood, 2012; Upadhaya et al., 2015a). In 
agreement with these previous studies, the loin muscle from pigs fed CO diets had higher 
TBARS, indicating shorter shelf life, compared to pigs fed TW diets in the current study..  
VE, as an active antioxidant in the subcellular fraction, is able to catch free radicals 
produced during lipid oxidation, and as a result, break the chain of lipid peroxidation in 
cell membranes and prevent the formation of lipid hydroperoxides (Georgantelis et al., 
2007). The protective effect of VE on the lipid oxidation was observed in the current study 
at day 7 after retail display. When comparing the trend of the linear increase of TBARS 
along with display retail days, the loin muscle samples from pigs fed diets with over 40 
ppm ATA had smaller slope than pigs fed diets with 11 ppm ATA, but did not differ among 
different dietary ATA levels from 40 to 200 ppm. The result is in agreement with previous 
studies and further proves the plateau effect of dietary ATA supplementation at 40 ppm 
within a display period of 7 days (Buckley and CONNOLLY, 1980; Monahan et al., 1989; 
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Monahan et al., 1990; Asghar et al., 1991a; Asghar et al., 1991b; Buckley et al., 1995; 
Kingston et al., 1998; Hasty et al., 2002; Waylan et al., 2002). 
Although a potential difference in the antioxidant capacity between α-T and γ-T 
has been reported, especially the ability of γ-T in reacting with free radical of nitrogen 
species, such as peroxynitrite due to the unsubstituted position on its benzene ring in 
contrast to α-T (Christen et al., 1997; Jiang et al., 2001), no difference between α-T and γ-
T was observed on the oxidation development, when measured as TBARS, in the loin 
muscle along with retail display. Peroxynitrite free radicals are produced during protein 
oxidation, together with the reactive oxygen species free radicals, they play key regulatory 
roles in the process of pork oxidation (Xiong, 2000; Huff-Lonergan and Lonergan, 2005; 
Zhang et al., 2013). The increased deposition of γ-T in loin muscle derived from dietary γ-
T might be able to catch more peroxynitrite than α-T, while the loin muscle from pigs fed 
dietary ATA at the common level had higher α-T levels which may catch more reactive 
oxygen species free radicals. The similar concentration of total tocopherol in the muscle of 
pigs fed diets with different isoforms of tocopherol also supported the similar antioxidant 
capacity of these two isoforms of tocopherols. This is also in agreement with an in vitro 
study, which showed equimolar concentrations of α-T and γ-T have a similar capacity to 
scavenge reactive oxygen species during lipid oxidation (Yoshida et al., 2007).  
When shelf life was measured in terms of meat color, no effect of dietary ATA 
supplementation or dietary fat sources were detected on the meat color development when 
analyzed as comparisons between slopes of the linear trend of L, a, b, a/b, Hue, and Chroma 
along with time. Although scattered significant interaction between fat sources and dietary 
ATA levels were detected when analyzed daily, no clear trend was observed. This result is 
in agreement with previous studies on pork color in response to dietary VE 
supplementation (Hasty et al., 2002; Waylan et al., 2002; Ohene-Adjei et al., 2004; Guo et 
al., 2006). A consistent effect of dietary VE supplementation on meat color has been 
extensively reported in ruminant animals including cattle, goat, and lamb (Liu et al., 1995; 
Rentfrow et al., 2004; Suman et al., 2007; Jose et al., 2018; Possamai et al., 2018), while 
this effect is inconsistent in pork. The inconsistent result might be due to the structural 
differences of myoglobin from pigs and cattle. When myoglobin was incubated with the 
HNE a product of lipid oxidation, only mono-adducts of HNE with porcine myoglobin 
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were detected with three histidine (HIS 24, 36 and 119) residues in porcine Mb that were 
readily adducted by HNE, whereas in bovine Mb seven histidine residues (HIS 24, 36, 81, 
88, 93, 119 and 152) were adducted (Suman et al., 2007). The myoglobin in pork is less 
affected by the lipid oxidation occurring compared to beef. 
Differences between the two isoforms of VE on L, a, and a/b ratios were observed. 
Although the difference was scattered at different days, direction of the general trend for 
the differences were consistent, where loin muscle from pigs fed γ-T diets showed bigger 
value of L while lower value of a* and a/b ratio than pigs fed ATA. The result indicated 
that compared to dietary supplementation of ATA at the same level, dietary 
supplementation of γ-T increased lightness while decreased redness. However, further 
comparison of the slopes of color development with time did not confirm the difference in 
different sources of VE. As was mentioned in Section 4.5.3, dietary γ-T was steadily 
deposited into the muscle with increasing dietary supplementation. This increased γ-T, 
similar to α-T, may not be able interfere the discoloration caused by the oxidation of the 
Fe2+ in myoglobin into the Fe3+ in metmyoglobin.  
 
4.5.7 Antioxidant status 
In the current study, increasing dietary ATA from 11 to 200 ppm quadraticly 
increased SOD activity (highest at 100 ppm), and quadraticly decreased MDA content 
(lowest at 40 ppm) in the liver. The result is in agreement with previous studies, which 
reported improved enzymatic antioxidants system including superoxide dismutase (SOD), 
catalase (CAT), and glutathione peroxidase (GSH-Px) with increased VE supplementation 
(Lauridsen et al., 1999; Gultekin et al., 2001; Lauridsen, 2010; Cheng et al., 2017). The 





4.5.8 Immune response to influenza vaccine 
The response observed in this study demonstrated the effectiveness of the 
vaccination used. Pigs were all negative in influenza antibodies at day 0, established their 
primary response to influenza at day 21, and gained fully protection in the secondary 
response at 14 days after second vaccination. However, as with many immune measures, 
the variation was large which resulted in no clear dietary treatment effects on the primary 
measure of interest – the secondary response. An anti-inflammatory effect of γ-tocopherol 
has been massively reported in human research when using rat and mice as animal model 
(Behrens and Madere, 1986; Hoppe, 1991; Wolf, 2006; Grilo et al., 2014). Increased 
plasma tocopherol concentration was also reported to display a regulatory effect on 
leukocyte recruitment in mice, which was different between α-T and γ-T, can be affected 
by their concentration in the tissues, and were accompanied by modest change in cytokines 
and chemokines (McCary et al., 2011). In this study, the titers of different antibodies was 
not significantly affected. Further measurements regarding to leukocyte recruitment and 
regulatory cytokines may be helpful to better interpret the supplemental effect of different 





The results of the present study demonstrated the interaction of dietary fat sources 
and VE supplementation on growth, tocopherol deposition, pork oxidative stability, and 
antioxidant status in pigs grown up to 150 kg. Beneficial effects of increasing dietary VE 
levels as ATA were observed on growth performance, antioxidant status, and meat 
oxidative stability. Compared to dietary CO, dietary TW supplementation increased both 
absorption and deposition of tocopherol along with the increasing dietary ATA levels. 
Dietary VE supplementation in the form of ATA showed better efficiency than mixed 
tocopherol in terms of concentration of α-T in plasma and tissues, however, growth 
performance, antioxidant status, and pork oxidative stability did not differ due to the 
isoforms of dietary VE supplementation. 
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Chapter 5  Effect of Different Fat Sources and Vitamin E Isoforms/Levels 
on Growth Performance, Antioxidant Status, Fatty Acid Profile and 
Meat Quality of Pigs Grown to 150 kg 
5.1 Abstract 
The objective of this chapter was to further assess the contribution of dietary fat 
source and VE supplementation on growth performance, carcass traits, fatty acid (FA) 
profile, and antioxidant status of pigs at heavy slaughter weight by pooling the common 
treatments in Chapter 3 and Chapter 4. A total of 4 treatments with a 2 × 2 factorial 
arrangement of two fat sources (corn oil and tallow) and two VE levels (11 and 200 ppm) 
were selected from Chapter 3 (32 pigs; 16 gilts, 16 barrows) and Chapter 4 (24 pigs; 12 
gilts, 12 barrows), as a result the pooled data had a 2× 2× 2 factorial structure. The data 
were then analyzed with GLM model in SAS. Compared to experiment 1, the Phase 2 ADG 
and Phase 4 Feed/Gain in experiment 2 were higher (P < 0.05), and the cumulative ADG 
during phase 1-3 was also higher (P < 0.05). However, no difference in Phase 5 ADG was 
detected, although SID lysine was increased from 0.56 (Exp.1) to 0.64% (Exp.2). Result 
of the pooled data showed the beneficial effect of dietary VE supplementation at 200 ppm 
through both increasing ADG (P < 0.10) and reducing Feed/Gain (P < 0.10) from Phase 3 
to Phase 5. Pigs fed CO diets had higher ADFI and ADG during Phase 4 (P < 0.05) and 
Phase 5 (P < 0.10). Pigs from the Experiment 2 had less (P < 0.05) backfat depth at last 
rib, 10th rib, and last lumbar compared to that of Experiment 1. No effect of dietary VE 
supplementation was detected on carcass traits and meat quality measurements except the 
10th rib backfat depth, where increasing dietary VE from 11 to 200 ppm decreased the 10th 
rib backfat. Pigs fed CO diets had or tended to have higher backfat depth at last rib (P = 
0.06), 10th rib (P = 0.01), last lumbar (P = 0.06), and lower belly depth (P = 0.05) than pigs 
fed TW diets. Pigs fed TW had firmer belly than pigs fed CO diets, indicated by the larger 
belly angle (P < 0.01), greater lateral distance (P < 0.01) and less vertical distance (P < 
0.01) at both sides of belly flex test. The increase of VE concentration in plasma and loin 
muscle due to the increasing dietary VE supplementation were bigger (P < 0.01) in 
experiment 1 than that of experiment 2. In both experiment, the plasma VE increased with 
time (linear and quadratic, P < 0.01) and with the increasing dietary VE supplementation 
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(P < 0.01). Increasing dietary VE from 11 to 200 ppm increased (P < 0.0001) VE 
concentration in both liver and loin muscle, and the increase of VE concentration in loin 
muscle was greater (P = 0.05) in pigs fed TW diets than pigs fed CO diets. The FA profile 
in the backfat, belly fat, and liver was affected by fat source (P<0.05) but generally not the 
VE treatment, pigs fed corn oil diets had less SFA (P < 0.02) and MUFA (P < 0.0001), but 
more PUFA (P < 0.0001) than pigs fed tallow diets in the backfat, belly fat, and liver. Fat 
sources but not dietary VE levels affected the SOD content in the liver. Compared to pigs 
fed CO diets, pigs fed TW diets had lower (P < 0.05) SOD activity on both wet tissue basis 
and protein basis. In summary, pooling the data from both experiments made some of the 
effects of dietary fat sources and VE supplementation clearer. 





Beneficial effects of appropriate dietary supplementation of fat or VE have been 
generally reported in grow-finishing pigs (Gatellier et al., 2001; Moreira and Mahan, 2002; 
Mitchaothai et al., 2007; Cheng et al., 2016; Liu et al., 2018). Both the supplementation of 
dietary fats and VE to swine diets are practical methods to improve growth and health for 
grow-finishing pigs. 
Adding fats has been reported to be able to improve growth rate, reduce feed intake 
and F/G (Li and Patience, 2016), but the response may vary when different sources of fat 
are used. When pigs were fed diets without or with 6% fat from soybean oil, choice white 
grease, palm oil, animal-vegetable blend, or tallow, the effect on ADG, ADFI, feed:gain, 
and backfat thickness varied among different fat sources due to their energy value (Liu et 
al., 2018). Results from Chapter 3 and Chapter 4 both showed different response of growth 
performance to different fats, however only tendency was observed where tallow fed pigs 
tended to have lower ADFI and ADG than pigs fed corn oil. The tendency observed in the 
individual studies might simply be due to the limited number of replications used.  
Although α-T deposition in loin muscle and blood concentrations were consistantly 
reported  to increase when dietary ATA level increased up to 700 ppm from 8 ppm 
(Kingston et al., 1998; Harms et al., 2003; Lauridsen et al., 2013; Kim et al., 2015), the 
effect of dietary VE supplementation on growth has been inconsistant (Waylan et al., 2002; 
Boler et al., 2009). As reviewed in Table 2.8, four out of nine papers reported significant 
effects on ADG, and only one paper reported a significant effect on F/G. Asghar et al. 
(1991b) reported significant improvement in both ADG and F/G when pigs were fed supra-
nutritional VE (100 and 200 ppm) in the form all-rac-α -tocopheryl acetate compared to 
pigs fed diets containing 10 ppm. Similarly, Onibi et al. (2000) reported improvement in 
ADG when pigs were fed diets containing 500 ppm VE, compared to those fed diets with 
either unsupplemented or 200 ppm VE diets. The current studies reported different 
response to dietary VE supplementation in Chapter 3 and Chapter 4, where the first study 
did not show significant effect of dietary VE on ADFI while the second study showed 
linear increase of ADFI with increasing dietary ATA supplementation. The different 
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response may be caused by the different environment or statistical power in each study, 
because all the other factors were kept the same between the two studies. 
The objective of this chapter was to extract the common dietary treatments from 
both studies and compare the difference of the two studies, and combine those common 
treatments to increase statistical power to better evaluate the effect of fat sources and VE 
supplementation. 
 
5.3 Experimental procedures and statistical analysis 
This chapter used data generated from studies summarized in Chapter 3 and 
Chapter 4. Results with the common dietary treatments from both studies were combined 
together, and analyzed for potential study differences, from a factorial structure of 
treatments with 2 dietary VE levels (11 and 200 ppm as ATA) and 2 fat sources (TW and 
CO). The combination of the two studies increased the numbers of replication for the 
comparison and as a result, may improve the conclusion of the current research. Study 1 
had 8 pigs in each dietary treatments, and Study 2 had 6 pigs in each dietary treatments.  
Data analysis were performed in SAS (SAS Inst. Inc., Gary, NC) by least squares 
analysis of variance using the generalized linear model (GLM) as a randomized complete 
block design. The individual pig served as the experimental unit. 
For the analysis of factorial arrangement of two levels of dietary VE and two fat 
sources, the initial model used was:   
Y = µ + Em+ Sl +ESml + Bi(ml) + Vj + EVml +SVlj + ESVmlj+ Fk + EFmk + FSlk+ 
ESFmlk + VFjk + EVFmjk + SVFljk + ESVFmljk  
In this equation, the parameters represent: 
Y = response variables (ADG, ADFI, F/G, plasma VE concentration, tissue VE 
concentration, antioxidant measurement, meat quality measurement, and FA profile 
in different tissues) 
µ = overall population mean 
Em = experiment (1 or 2), 
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Sl = sex (male or female),  
Bi(l) = block (i=1, 2, 3….8),  
Vj = VE level (40 or 100),  
Fk = fat sources (TW or CO).   
Because some interactions with block or sex were not significant, they were pooled 
into overall residue error to increase the statistical power, and the model was simplified as:  
Y = µ + Em + Sl + ESml + Bi(ml) + Vj + EVml +SVlj+ Fk + EFmk + FSlk + VFjk + EVFmjk  
When interactions between main effect and other factors were significant, further 
contrasts between related treatments were performed to better interpret interaction 
effects. In addition, plasma VE concentrations and shelf life data were also analyzed as 
repeated measures to determine the response trends over time. Regression and contrast of 
slopes were also performed when interactions between time and main effect were 
observed. Sex effect is expected,  
Statistical differences were established at P ≤ 0.05, tendencies were established at 
P ≤ 0.10. P-values for sex effect and interaction with main effects are not reported. In the 
result table, P-values for the effects of experiment, dietary VE levels, and fat sources are 
provided, two-way interactions (P < 0.05) were superscripted. All P-values greater than 




5.4 Results and discussion  
5.4.1 Fat sources and experimental diets 
As shown in Table 5.1, although the fat sources used in both studies were similar, 
small numerical difference existed in quality measurements and FA profile. The free FA 
content of fats used in Experiment 2 were higher than those used in Experiment 1. The 
content of total MUFAs of fats used in Experiment 2 was slightly lower than that of fats 
used in Experiment 1, but the content of SFAs and PUFAs were almost the same, 
respectively. Fat sources used in both experiments had similar FA profile with what is 
listed in NRC (2012). This was as expected for the experimental design.  
As listed in Chapter 3 and Chapter 4, diet formulation were all the same except for 
Phase 5, where the Phase 5 diets in Experiment 2 had higher SID lysine level than that of 
experiment 1 (0.64 % vs. 0.56 %). The reason for this increase was that growth rate of pigs 
in Experiment 1 was unexpectedly slow. Due to the lack of verified recommendation for 
heavy weight pigs, the level used in Experiment 2 was based on consultation of three 




Table 5.1 Comparison of fat sources in Experiment 1 and Experiment 2 
  Exp. 1 
  
Exp. 2 
Measurements1, % Corn oil Tallow Corn oil Tallow 
Moisture < 0.10 0.34  0.24 0.81 
Free fatty acid  8.37 2.03  10.25 4.24 
Unsaponifiable Matter 1.90 0.28  1.90 0.33 
Insoluble  < 0.10 < 0.10  < 0.10 0.14 
Trans Fatty acid 0.11 4.80  0.08 4.74 
Fatty acid profile, %      
  C6:0 Caproic < 0.10 < 0.10  < 0.10 < 0.10 
  C8:0 Caprylic < 0.10 < 0.10  < 0.10 < 0.10 
  C10:0 Capric < 0.10 < 0.10  < 0.10 < 0.10 
  C12:0 Lauric < 0.10 < 0.10  < 0.10 < 0.10 
  C14:0 Myristic < 0.10 2.76  < 0.10 2.88 
  C16:0 Palmitic 12.65 23.60  12.73 24.30 
  C16:1n7 Palmitoleic 0.12 2.98  0.12 2.89 
  C17:0 Margaric < 0.10 1.33  < 0.10 1.32 
  C18:0 Stearic 1.87 19.25  2.11 19.85 
  C18:1n9T Elaidic < 0.10 4.56  < 0.10 4.68 
  C18:1n9C Oleic 27.10 35.90  26.3 34.25 
  C18:1n7C Vaccenic  0.82 1.37  0.99 1.44 
  C18:1 other cis isomers < 0.10 0.76  < 0.10 0.77 
  C19:0 Nonadecanoic < 0.10 0.25  < 0.10 0.2 
  C18:2 Other trans isomers 0.11 0.47  < 0.10 0.31 
  C18:2n6 Linoleic 54.60 2.29  54.55 2.44 
  C20:0 Arachidic 0.37 0.12  0.38 < 0.10 
  C18:3n6 Gamma Linolenic < 0.10 < 0.10  < 0.10 < 0.10 
  C20:1n9 cis Eicosenoic  0.25 0.20  < 0.10 < 0.10 
  C18:3n3 Linolenic 1.35 0.19  2.01 0.35 
  C20:2n6 Eicosadienoic < 0.10 < 0.10  < 0.10 < 0.10 
  C20:3n6 Homo-Gamma-Linolenic < 0.10 < 0.10  0.15 < 0.10 
  C20:5n3 Eicosapentaenoic < 0.10 < 0.10  0.20 < 0.10 
  Others 0.19 2.79  0.37 2.93 
  Saturated Fatty acids (SFA) 14.80 45.95  14.00 45.70 
  Monounsaturated fatty acid (MUFA) 26.95 39.85  25.30 36.65 
  Polyunsaturated fatty acid (PUFA) 53.40 2.46  53.00 2.75 
Values for fatty acid profile are average of two samples.  
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5.4.2 Growth performance 
The results of growth performance are provided in Table 5.2 and Table 5.3. No 
interactions between experiment and dietary treatments were detected. Compared to 
Experiment 1, the Phase 2 ADG and Phase 4 Feed/Gain in Experiment 2 were higher, and 
the cumulative ADG during Phase 1-3 was also higher. However, no difference in Phase 5 
ADG was detected, although SID lysine was increased from 0.56 (Exp.1) to 0.64% (Exp.2).  
With the increase in replications of each dietary treatments after the combination, 
beneficial effect of supranutritional dietary VE at 200 ppm was detected on ADG and 
Feed/Gain from Phase 3 to Phase 5. Pigs fed 200 ppm dietary VE had or tended to have 
higher ADG in Phase 3 (P = 0.02), Phase 4 (P = 0.07), and Phase 5 (P = 0.06), and at the 
same time lower F/G in Phase 3 (P = 0.10), Phase 4 (P = 0.06), and Phase 5 (P = 0.03). 
The effect of dietary fat sources was also detected, where pigs fed CO diets had higher 
ADFI in Phase 4 (P = 0.04) and Phase 5 (P = 0.07), and higher ADG in Phase 4 (P = 0.01) 
and Phase 5 (P = 0.08) than pigs fed TW diets. Pooling the two experiments provided a 
much clearer picture of the effect of supranutritional dietary VE supplementation at 200 
ppm. There was only a tendency of increase in ADG during Phase 5 and decrease in F/G 
during Phase 3 and Phase 4 in response to the increasing dietary VE treatment in Chapter 
3. In Chapter 4, the detected increase in ADG during Phase 1 and Phase 3 was only 
corresponding to the increased feed intake during each phase. Results of the pooled data 
can show the beneficial effect of dietary VE supplementation at 200 ppm through both 
increasing ADG and reducing Feed/Gain. This is in agreement with a previous study, where 
Asghar et al. (1991b) reported significant improvement in both ADG and F/G when pigs 
were fed supra-nutritional VE (100 and 200 ppm) in the form all-rac-α-tocopheryl acetate 
(ATA) compared to pigs fed diets containing 10 ppm.  
When it comes to the cumulative growth performance, the model for the beneficial 
effect of dietary supplementation of VE and fat sources was also clearer. The improvement 
in ADG during Phase 1-5 (P < 0.05) was due to the improvement in F/G during this period. 
Additionally, the difference in ADG during Phase 1-5 (P < 0.05) between pigs fed CO and 
TW diets was due to the significant difference in ADFI during the corresponding period.  
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Table 5.2 Effect of different fat sources and VE supplementation on growth performance of pigs during each phase1 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Body weight, kg                
  Initial 28.58 28.09  28.58 28.44  27.82 28.27  28.80 28.27 0.30 - 0.12 - 
  Phase 1 52.56 51.83  50.18 52.57  51.26 53.22  54.73 52.69 0.81 - -I - 
  Phase 2 74.79 74.93  75.86 75.51  74.46 73.33  74.46 72.95 0.80 0.02 - - 
  Phase 3 99.34 100.73  98.94 99.91  98.28 98.43  100.02 101.38 0.92 - 0.19I 0.15 
  Phase 4 126.83 124.52  124.92 125.38  123.60 123.38  125.42 123.07 0.95 0.02 - 0.11 
  Phase 5 149.45 144.92  148.68 148.05  149.16 146.28  151.12 148.03 1.82 - - 0.04 
Average daily gain, kg/d            
  Phase 1 1.10 1.06  1.10 1.07  1.07 1.13  1.18 1.11 0.04 0.17 - - 
  Phase 2 1.11 1.05  1.05 1.03  1.07 1.15  1.22 1.10 0.04 0.03 - - 
  Phase 3 1.09 1.04  1.08 1.15  1.03 1.08  1.22 1.12 0.05 - 0.02 - 
  Phase 4 1.15 0.92  1.07 1.03  0.87 0.93  1.16 0.91 0.06 0.14 0.07 0.01 
  Phase 5 0.95 0.71  0.92 0.91  0.85 0.82  0.99 0.91 0.07 - 0.06 0.08 
Average feed intake, kg            
  Phase 1 2.13 2.02  2.15 2.07  2.05 2.15  2.33 2.13 0.07 - 0.09 0.18 
  Phase 2 2.54 2.39  2.50 2.45  2.47 2.55  2.75 2.45 0.09 - - 0.13 
  Phase 3 2.93 2.82  2.88 2.95  2.68 2.79  3.06 2.74 0.12 - - - 
  Phase 4 3.11 2.80  2.93 2.82  2.74 2.74  3.18 2.78 0.13 - - 0.04 
  Phase 5 3.12 2.68  2.92 3.00  2.97 2.84  3.20 2.88 0.15 - - 0.07 
Feed/Gain            
  Phase 1 1.94 1.92  1.97 1.94  1.93 1.90  1.97 1.93 0.05 - - - 
  Phase 2 2.28 2.29  2.38 2.38  2.31 2.21  2.26 2.24 0.07 - - - 
  Phase 3 2.69 2.74  2.66 2.56  2.61 2.59  2.52 2.46 0.09 0.06 0.10 - 
  Phase 4 2.73 3.09  2.74 2.75  3.17 2.96  2.73 3.08 0.12 0.05 0.06 0.14 




1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. No 
interaction between dietary VE levels and fat sources was observed. No interaction between experiment and dietary VE levels was 




Table 5.3 Effect of different fat sources and VE supplementation on cumulative growth performance1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Average daily gain, kg/d             
  Phase 1 1.10 1.06  1.10 1.07  1.07 1.13  1.18 1.11 0.04 0.17 - - 
  Phase 1-2 1.11 1.05  1.07 1.05  1.06 1.15  1.19 1.11 0.04 0.03 - - 
  Phase 1-3 1.10 1.04  1.07 1.08  1.05 1.12  1.20 1.11 0.03 0.05 0.13 - 
  Phase 1-4 1.13 1.00  1.09 1.06  1.00 1.05  1.19 1.05 0.04 - 0.05 0.03 
  Phase 1-5 1.09 0.93  1.05 1.03  0.96 1.00  1.14 1.02 0.04 - 0.04 0.04 
Average feed intake, kg/d            
  Phase 1 2.13 2.02  2.15 2.07  2.05 2.15  2.33 2.13 0.07 - 0.09 0.18 
  Phase 1-2 2.32 2.20  2.34 2.25  2.25 2.33  2.50 2.28 0.07 - 0.20 0.10 
  Phase 1-3 2.53 2.41  2.50 2.47  2.40 2.50  2.70 2.45 0.08 - - 0.19 
  Phase 1-4 2.72 2.50  2.63 2.55  2.50 2.56  2.82 2.53 0.08 - - 0.03 
  Phase 1-5 2.80 2.54  2.70 2.65  2.60 2.66  2.91 2.62 0.08 - - 0.03 
Feed/Gain            
  Phase 1 1.94 1.92  1.97 1.94  1.93 1.90  1.97 1.93 0.05 - - - 
  Phase 1-2 2.10 2.10  2.19 2.15  2.12 2.03  2.09 2.07 0.05 - - - 
  Phase 1-3 2.31 2.32  2.34 2.29  2.28 2.24  2.25 2.22 0.05 0.11 - - 
  Phase 1-4 2.41 2.50  2.41 2.41  2.51 2.45  2.37 2.41 0.06 - 0.10 - 
  Phase 1-5 2.58 2.74   2.57 2.59   2.72 2.65   2.56 2.57 0.07 - 0.05 - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. No interactions between experiment and main 




5.4.3 Organ size and primal cut 
As shown in Table 5.4, no interaction between experiment and dietary treatments 
was detected. Differences were detected between the two experiments on the absolute 
weight and relative weight of organs including liver, kidney, heart, and lung. Pigs from the 
Experiment 2 had higher (P < 0.05) absolute weight and relative weight of liver, kidney, 
and heart than those of Experiment 1. The absolute weight of lung from pigs of Experiment 
2 tended to be heavier (P = 0.07), and the relative weight was higher (P = 0.03) than that 
of Experiment 1.  
Effect of dietary VE supplementation disappeared after the pooling of the two 
studies, which makes more sense, as no previous publication reported similar effect of 
supplementation of VE at 200 ppm as observed in Chapter 3 and Chapter 4. The detected 
effect of dietary fat also changed because of the pooling, pigs fed CO diets had heavier (P 
= 0.01) absolute weight of kidney, and tended to have higher (P = 0.10) relative weight of 
kidney compared to pigs fed TW diets.  
Results of the primal cut response are listed in Table 5.5. Differences between these 
two studies were detected on most primal cuts except ham. Pigs from Experiment 2 had 
less (P < 0.01) absolute weight of picnic shoulder and loin yield and tended to have a 
heavier (P = 0.09) absolute weight of Boston butt than pigs from Experiment 1.The relative 
weight of Boston butt, spare rib, and side belly was higher (P < 0.05), and the relative 
weight of picnic shoulder was less (P < 0.01) in Experiment 2 than that in Experiment 1. 
An interaction (P < 0.05) between experiment and dietary VE treatment was 
detected on both absolute weight and relative weight of Boston butt, where different trend 
of dietary VE effect was observed. No significant interactions between experiment and fat 
treatments were observed. Pigs fed CO diets had more belly yield in absolute weight (P = 
0.04), and tended to have less Boston butt yield in relative weight (P = 0.08) than pigs fed 
TW diets. Interactions between dietary VE levels and fat sources were observed on both 
absolute weight and relative weight of picnic shoulder (P < 0.05). 
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Table 5.4 Effect of different fat sources and VE supplementation on organ size1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Absolute organ weight, g 
 
       
  Liver 1505 1446  1652 1534  1837 1721  1826 1713 100 0.01 - 0.17 
  Kidney 342 325  353 329  393 342  383 357 24 0.03 - 0.01 
  Heart  443 419  474 438  475 520  505 492 20 <0.01 - - 
  Lung 771 911  883 746  905 924  824 932 93 0.07 - - 
  Spleen 159 198  180 170  182 168  177 174 12 - - - 
Relative organ weight, % slaughter weight         
  Liver 0.99 0.98  1.10 1.03  1.23 1.18  1.21 1.20 0.06 <0.01 - - 
  Kidney 0.23 0.22  0.23 0.22  0.27 0.23  0.25 0.25 0.02 0.01 - 0.10 
  Heart  0.29 0.28  0.31 0.30  0.32 0.36  0.33 0.35 0.02 <0.01 - - 
  Lung 0.51 0.62  0.58 0.50  0.61 0.63  0.54 0.65 0.06 0.03 - - 
  Spleen 0.11 0.13   0.12 0.11   0.12 0.12   0.12 0.12 0.01 - - - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. No interactions between experiment and dietary 




Table 5.5 Effect of different fat sources and VE supplementation on primal cut1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Absolute primal cut, kg              
  Boston butt 4.81 4.66  4.71 5.01  5.36 5.27  4.58 4.89 0.21 0.09 0.14I -J 
  Picnic shoulder 5.90 6.07  5.85 5.63  4.72 5.19  5.73 4.68 0.24 <0.01 - - 
  Loin 12.77 13.03  13.59 12.90  12.29 12.89  12.51 12.48 0.45 0.01 - - 
  Spare rib 1.87 1.80  1.85 1.78  1.85 2.14  1.93 1.87 0.08 0.17 - - 
  Ham 12.67 12.35  12.65 13.32  12.61 12.41  13.28 12.52 0.35 - 0.09 - 
  Belly 9.77 8.54  9.16 8.90  9.92 9.68  9.49 8.83 0.39 - 0.18 0.04 
Relative primal cut, % live weight             
  Boston butt 3.19 3.16  3.12 3.38  3.59 3.61  3.03 3.46 0.13 0.02 0.13I 0.08 
  Picnic shoulder 3.90 4.13  3.87 3.80  3.16 3.56  3.79 3.34 0.15 <0.01 - -J 
  Loin 8.48 8.85  9.02 8.73  8.28 8.86  8.29 8.87 0.32 - - 0.19 
  Spare rib 1.24 1.22  1.23 1.20  1.24 1.47  1.28 1.34 0.06 0.05 - 0.15 
  Ham 8.39 8.40  8.39 9.00  8.48 8.51  8.79 8.87 0.25 - 0.08 - 
  Belly 6.46 5.78   6.07 6.01   6.65 6.64   6.28 6.26 0.21 0.04 0.14 - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 




5.4.4 Carcass traits and meat quality  
As shown in Table 5.6 and 5.7, no interactions between experiment and dietary 
treatments were detected on carcass traits and meat quality measurements. Differences 
were detected between the two experiments on the backfat depth at 10th rib and last lumbar, 
wherein pigs from Experiment 2 had less (P < 0.05) backfat depth in those positions than 
those of Experiment 1. Although the horizontal depth of loin (P = 0.02) and the lateral 
distance (P = 0.01) at left side of belly flex test varied in these two experiments, no 
differences were detected on loin area and belly angle, respectively. Differences between 
both studies were also detected on purge loss at day 7 and subjective marbling score, where 
pigs from Experiment 2 had less purge loss at day 7 (P = 0.01) and had lower marbling 
score than pigs from Experiment 1.   
No effect of dietary VE supplementation was detected on carcass traits and meat 
quality measurements except the 10th rib backfat depth, where increasing dietary VE from 
11 to 200 ppm decreased the 10th rib backfat.  
Fat sources affected most measurements for carcass traits and meat quality. Pigs 
fed CO diets had less dressing % (P = 0.03) and higher 24-hour pH (P = 0.02) than pigs 
fed TW diets. Pigs fed CO diets had, or tended to have, higher backfat depth at 10th rib (P 
= 0.01) and last lumbar (P = 0.06), and lower belly depth (P = 0.05) than pigs fed TW diets. 
Pigs fed CO diets also tended to have higher purge loss at day 7 (P = 0.08) and day 14 (P 
= 0.09) of storage. As expected, a significant difference between CO and TW treatment 
was observed on the firmness of belly, pigs fed TW had firmer belly, indicated by the 
greater belly angle (P < 0.01), greater lateral distance (P < 0.01) and less vertical distance 
(P < 0.01) at both sides of belly flex test than pigs fed CO diets.  
Interaction between dietary VE supplementation and fat sources were only detected 
at the 24-hour pH (P = 0.03) and marbling score of loin muscle (P = 0.03), but no clear 




Table 5.6 Effect of different fat sources and VE supplementation on carcass traits1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
SLW, kg 150.99 147.29  150.82 148.00  148.98 145.79  151.12 141.08 2.54 0.18 - 0.01 
HCW, kg 116.43 113.89  115.41 115.44  113.88 112.86  115.44 109.08 1.91 0.12 - 0.08 
CCW, kg 114.03 111.43  112.83 112.95  111.24 109.91  112.79 106.25 1.95 0.08 - 0.07 
Dressing, % 77.10 77.34  76.51 78.00  76.49 77.43  76.42 77.32 0.54 - - 0.03 
Shrink loss, % 2.07 2.16  2.24 2.16  2.33 2.60  2.29 2.59 0.31 - - - 
45-min pH  6.23 6.21  6.13 6.38  5.84 5.89  6.10 5.89 0.09 <0.01 0.18 - 
24-hour pH  5.77 5.62  5.65 5.63  5.48 5.61  5.72 5.36 0.06 0.05 0.42 0.02J 
pH diff 0.46 0.58  0.48 0.75  0.35 0.27  0.38 0.53 0.10 0.02 0.11 0.12 
Carcass Length, cm 82.25 84.65  84.26 83.75  82.30 83.48  84.24 83.68 1.06 - - - 
Back fat depth, cm           
  First rib 4.64 4.83  5.18 4.65  4.80 4.29  4.45 4.73 0.41 0.20 - - 
  Last rib 3.98 3.11  3.11 3.75  3.22 3.47  3.70 2.89 0.21 - - - 
  10th rib 4.10 3.50  3.44 3.33  3.25 2.87  2.90 2.38 0.20 0.01 0.01 0.01 
  Last lumbar 3.11 2.41  2.84 2.75  2.32 2.37  2.41 1.70 0.26 0.01 - 0.06 
Belly depth, cm 5.14 5.43  4.92 4.92  4.64 5.16  4.83 5.20 0.20 - - 0.05 
Loin muscle dimension2, cm           
  Vertical 7.16 7.29  6.35 7.38  7.06 7.34  7.58 7.13 0.33 0.19 - - 
  Horizontal  10.26 10.46  9.94 10.28  10.32 10.75  11.01 10.48 0.26 0.02 - - 
  Area3, cm2 58.79 59.53   54.52 59.79   57.59 61.25   61.94 59.97 2.67 - - - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. J Interaction between dietary VE levels and fat 
sources, P < 0.05. No interactions between experiment and dietary treatments were observed. 
2 Vertical distance refers to depth vertical to the 10th rib; Horizontal distance refers to width horizontal to 10th ribs.  






Table 5.7 Effect of different fat sources and VE supplementation on meat quality1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Drip loss, % 6.93 7.40  7.24 7.28  7.23 5.97  5.36 5.15 0.65 0.14 0.19 - 
Purge loss2, %                
  Day 7 8.36 6.23  8.15 5.82  4.73 3.64  4.51 4.89 0.92 0.01 - 0.08 
  Day 14 10.31 9.93  11.80 8.54  9.31 8.24  9.35 8.78 0.98 0.13 - 0.09 
  Day 30 12.59 11.95  13.82 11.09  11.32 12.18  13.82 11.19 1.07 - - 0.12 
Belly flex, cm               
  Left side                
    Lateral 13.02 21.35  11.43 20.14  11.53 18.47  11.26 18.34 1.79 0.05 - <0.01 
    Vertical 29.85 24.56  32.23 23.15  30.98 26.26  29.13 24.75 1.56 - - <0.01 
  Right side               
    Lateral 10.32 19.79  10.16 18.52  10.66 17.68  11.18 15.06 1.99 - - <0.01 
    Vertical 33.18 26.12  33.81 28.17  32.28 28.42  31.88 29.83 1.25 - - <0.01 
Belly angle3, o 40.70 78.99  36.53 73.25  38.37 68.32  40.63 63.74 7.00 - - <0.01 
Subjective meat quality4              
  Color 2.63 2.81  3.00 3.09  3.05 2.64  2.83 2.45 0.27 - - - 
  Marbling 2.88 2.01  2.50 2.77  1.97 1.35  1.33 2.30 0.40 0.03 - -J 
  Firmness 2.50 2.64   2.88 3.04   2.67 2.31   1.83 2.30 0.28 0.07 -I - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 
between dietary VE levels and fat sources, P < 0.05. No interaction between experiment and fat sources was observed. 
2 Time effect on purge loss, linear P <0.0001, quadratic <0.0001; no interaction between time with any of the main effect detected.   
3 Belly angle = arctangent (left side lateral distance/ left side vertical distance) + arctangent (right side lateral distance/ right side vertical 
distance). 
4 Color: National pork producers council (NPPC) color scale (1-5): 1= pale pinkish to white; 5 dark purplish red. Marbling: NPPC 





5.4.5 Plasma and tissue tocopherol   
As shown in Table 5.8, no interaction between experiment and dietary fat sources 
was detected on total VE concentration in plasma and tissue. An interaction between 
dietary VE levels and experiment was observed on plasma VE concentration from Phase 3 
to Phase 5, and in loin muscle, where the increases of VE concentration due to the 
increasing dietary VE supplementation were greater in Experiment 1 than that of 
Experiment 2.  The plasma VE concentration increased by 103.8, 159.3, and 123.9 % from 
Phase 3 to Phase 5 in Experiment 1 when dietary VE increased from 11 to 200 ppm, while 
the plasma VE concentration in Experiment 2 only increased by 62.9, 72.5, and 63.9 %, 
respectively. In the loin muscle, although the concentration of VE was lower (P < 0.01) in 
Experiment 1 than that in Experiment 2, it increased by 95.8% in Experiment 1 while it 
increased only by 53.3% in Experiment 2, when dietary VE increased from 11 to 200 ppm. 
In both experiments, the plasma VE increased with time (linear and quadratic, P < 
0.01) and with the increasing dietary VE supplementation (P < 0.01). The interaction 
between experiment and time showed a tendency (P = 0.07), but further contrast of slope 
of the VE concentration with time in different experiments did not show significant 
difference between the two experiments. Although interactions between dietary VE levels 
and fat sources were observed during Phase 3 and Phase 4, the interaction between fat and 
time was not significant, indicating a similar pattern for the change of plasma VE 
concentrations in response to the increasing dietary VE supplementation with time under 
different fat treatments.   
Tissue results are also listed in Table 5.8. Unexpectedly, there was a significant 
difference in the VE concentration in the loin muscle from both experiments, where the 
VE concentration in loin muscle in Experiment 2 was three times as much (P < 0.01) as 
that in Experiment 1. These tissue samples were analyzed at different laboratories; the 
samples from Experiment 2 were analyzed for different isoforms of tocopherol, while the 
samples from Experiment 1 were only analyzed for total VE. It is possible that the 
laboratory doing Experiment 2 analysis might be more precise and able to recover more 
VE from the loin muscle than the lab doing analysis for Experiment 1.  
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Increasing dietary VE from 11 to 200 ppm increased (P < 0.0001) VE concentration 
in both liver and loin muscle. An interaction between dietary VE levels and fat sources was 
observed on VE concentration in loin muscle (P < 0.05), wherein the increase of VE 
concentration in loin muscle was greater (P = 0.05) in pigs fed TW diets than pigs fed CO 
diets.  
The results are in agreement with previous studies as reviewed in Chapter 2 
(Monahan et al., 1990; Dove and Ewan, 1991; Yang et al., 2009; Lauridsen, 2010; 
Lauridsen et al., 2013). Also, the effects of fat sources on the plasma and tissue VE 
concentration are also in agreement with the conclusion of Chapter 3, Chapter 4 and other 
previous studies, where the VE concentrations in plasma and tissues (liver, muscle, and 
adipose tissues) decreased when pigs were fed higher PUFA diets (from linseed and 
safflower oil) than the no added-fat control diets, and increased when pigs were fed high 
SFA diets such as olive oil and coconut oil (Prévéraud et al., 2014; Prévéraud et al., 2015). 
The MUFA content was also reported to be positively associated with tissue VE 
concentrations, due to the favorable role of oleic acid (C18:1) in the secretion of VE 
enriched chylomicrons (Prévéraud et al., 2015). Regarding the difference in the FA profile 
of different fat sources, VE emulsified in MUFA had better gastrointestinal absorption 




Table 5.8 Effect of different fat sources and VE supplementation on total VE concentrations in plasma and tissues of pigs1 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Plasma, ppm2             
  Day 0 2.06 2.28  2.33 2.10  1.68 1.55  1.96 1.40 0.19 <0.01 - - 
  Phase 1  1.93 1.29  3.85 4.19  2.07 1.90  4.02 3.56 0.28 - <0.01 - 
  Phase 2 1.66 1.10  3.31 4.20  2.08 1.84  3.89 3.65 0.32 - <0.01 - 
  Phase 3 2.70 1.89  4.49 4.86  2.46 2.52  3.76 4.35 0.27 - <0.01I -J 
  Phase 4 2.34 1.53  4.60 5.43  2.67 2.36  4.21 4.47 0.25 - <0.01I -J 
  Phase 5 2.46 2.01  4.43 5.60  2.66 2.95  4.83 4.36 0.35 - <0.01 - 
Tissue, ppm wet weight           
  Liver 6.40 5.82  20.18 21.56  7.64 6.64  22.47 31.31 2.22 0.08 <0.01 0.18 
  Loin muscle 1.33 1.35   2.44 2.80   5.39 5.28   7.28 9.07 0.35 <0.01 <0.01I 0.05J 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 
between dietary VE levels and fat sources, P < 0.05. No interaction between experiment and fat sources was observed. 






5.4.6 Fatty acid profile  
5.4.6.1 Intake of different fatty acids 
As shown in Table 5.9, although the intake of several FAs including C16:1, C18:1, 
C18:3n3, C18:3n6, CLA, C20, C20:1 was slightly different (P < 0.05) between the two 
experiments, the intake of different FAs followed the same pattern as the fat sources. The 
intake of all FAs but not total lipids was affected (P < 0.01) by dietary fat sources. Pigs fed 
TW diets had higher intake of total SFA (P < 0.01) and total MUFA (P < 0.01) but lower 
intake of total PUFA (P < 0.01) than pigs fed corn oil diets. For pigs fed tallow diets, the 
intake of most saturated fatty acids including C14 (P < 0.01), C15 (P < 0.01), C16 (P < 
0.01), C17 (P < 0.01), C18 (P < 0.01) were higher except C20 (P < 0.01), which was lower 
than that of pigs fed corn oil, the intake of all the individual MUFA including C14:1, C16:1, 
C17:1, C18:1, C20:1 were higher (P < 0.05) than that of pigs fed corn oil. For the intake 
of PUFA in pigs fed tallow diets, the intake of C18:2 and C18:3n-3 were lower (P < 0.05) 
while C18:3 n-6 and C20:3 were higher (P < 0.05) than that of pigs fed corn oil diets.   
The intake of most FAs were not affected by levels of dietary VE except C18:3 n-
6, C18:3 n-6, C20, and C20:1. This effect might be due to the difference in feed 
consumption. 
 
5.4.6.2 Fatty acid profile in the backfat 
Table 5.10 shows the effects of dietary VE supplementation and fat sources on FA 
profile in the backfat. Although there was no detected difference in the intake of SFA and 
MUFA between the two experiments, differences existed in most FAs of backfat between 
the both experiments except C16:1, C17, C18:1, C18:2, and CLA. Pigs from Experiment 
2 had lower (P < 0.001) SFA content and IV while higher (P = 0.03) MUFA content, and 
tended to have higher (P = 0.07) PUFA content than pigs from Experiment 1. The 
concentration of most SFAs including C16, C18, and C20 in the backfat in Experiment 2 
was lower than that of Experiment 1, and the concentration of most PUFAs was higher in 
Experiment 2.  
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Pooling the two studies did not alter the detected response of FA profile to dietary 
treatment of fat and VE. No interactions between dietary VE treatments and fat sources 
were observed on most FA profile in the backfat at slaughter except C20:1 and C20:2. 
Dietary VE treatment did not affect most FAs except C20:4, and dietary fat treatment 
affected all FAs in the backfat except C10. Corresponding to the FA profile in each fat 
source and intake of different FAs, pigs fed tallow diets had more SFA (P < 0.01) including 
C12 (P = 0.02), C14 (P < 0.01), C16 (P < 0.01), and C18 (P < 0.01) than pigs fed corn oil 
diets. They also had more MUFAs (P < 0.01) including C16:1 (P < 0.01), C18:1 (P < 0.01), 
and C20:1 (P < 0.01). The concentration of almost all the PUFAs including C18:2 (P < 
0.01), C18:3n-3 (P < 0.01), C18:3n-6 (P < 0.01), C20:1 (P < 0.01), C20:2 (P < 0.01), and 
C20:4 (P < 0.01) were higher in the backfat of pigs fed corn oil diets compared to that of 
pigs fed tallow diets. Compared to the pigs fed corn oil diets, the only PUFA whose 
concentration was higher in pigs fed tallow diet was CLA (P < 0.01). 
 
5.4.6.3 Fatty acid profile in the belly fat 
The FA profile of belly fat is listed in Table 5.11. The concentration of most FAs 
in belly fat was not different between both studies except C18:3n-3 (P = 0.02), C18:3n-6 
(P < 0.01), C20 (P < 0.01), and C20:4 (P < 0.01). The pigs in Experiment 2 had lower 
content of C18:3n-6 and C20:4 while higher content of C18:3 n-3 and C20 in belly fat than 
the pigs in Experiment 1. 
Similarly, the detected response of the FA profile in belly fat to different dietary 
treatment did not differ by pooling the two experiments. Dietary VE treatment did not 
affect most FAs except C18:3n-6, and dietary fat treatment affected all FAs in belly fat 
except C10 and C20. Corresponding to the intake of FAs, pigs fed TW diets had more SFA 
(P < 0.01) and MUFAs (P < 0.01) than pigs fed CO diets in belly fat. The concentration of 
almost all the PUFAs including C18:2 (P < 0.01), C18:3 n-3 (P < 0.01), C18:3n-6 (P < 
0.01), C20:1 (P < 0.01), C20:2 (P < 0.01), and C20:4 (P < 0.01) were higher in belly fat of 
pigs fed CO diets than that of pigs fed TW diets. Compared to pigs fed CO diets, the only 
PUFA whose concentration was higher in pigs fed TW diet was CLA (P < 0.01). 
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5.4.6.4 Fatty acid profile in the liver 
As shown in Table 5.12, FA profile in the liver varied in the two experiments. Pigs 
in Experiment 2 had a much lower lipid content in the liver than pigs in Experiment 1. 
They also had much lower content of SFA (P <0.01) and higher content of PUFA (P <0.01) 
in the liver than pigs in Experiment 1. The major SFA causing the difference was C18, 
whose concentration in the liver in Experiment 2 was much lower (P <0.01) than in 
Experiment 1. The higher concentration of PUFA in liver in Experiment 2 was the result 
of several numerically higher PUFAs including C18:3 n6, CLA, and C22:5 than 
Experiment 1. The only difference in dietary treatments between the two studies was the 
SID lysine level in Phase 5 diets which was 0.56% in Experiment 1 and 0.64% in 
Experiment 2. The increase in SID lysine content during the last phase might decrease the 
overall fat deposition, just as previously reported by Campbell et al. (1984) and Colina et 
al. (2016), where lipid deposition decreased when lysine intake increased in grow-finishing 
pigs from 22 to 90 kg. Additionally, lysine also plays a key role in lipid metabolism in liver 
as indicated by the research in rats where fatty liver can be caused in lysine deficient diets 
(Viviani et al., 1966). The increased lysine intake in Experiment 2 may have favored lipid 
metabolism and reduced the lipid content in the liver. 
The detected response of the FA profile in the liver to different dietary treatment 
did not differ by pooling the two experiments. Corresponding to the pattern of dietary fat 
treatment, pigs fed TW diets had more SFA (P = 0.05) and MUFA (P < 0.01), and less 
PUFA (P < 0.01) and IV (P < 0.01) than pigs fed CO diets. Concentrations of SFAs 
including C14 (P < 0.01), C16 (P < 0.01), C17 (P < 0.01), and C22 (P = 0.03), and 
MUFASs including C16:1 (P < 0.01), C18:1 (P < 0.01), and C20:1 (P < 0.01) were higher 
in pigs fed TW diets compared to pigs fed CO diets. Pigs fed CO diets had more PUFAs 
including C18:2 (P < 0.01), C18:3n3 (P < 0.01), C18:3n6 (P = 0.02), C20:2 (P < 0.01), 
and C22:4 (P < 0.01) than pigs fed TW diets. Dietary VE treatment did not affect most FAs 
except C18:2 and C22:5, and dietary fat treatment affected all FAs except C18, CLA, and 
C20:4. Increasing dietary VE from 11 to 200 ppm decreased the content of C18:2, and 
increased the content of C22:5 in the liver.   
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Table 5.9 Effect of different fat sources and VE supplementation on individual fatty acid intake1 of pigs from 28 to 150 kg 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Lipid, kg 22.04 22.97  22.17 22.06  23.47 22.11  22.31 22.08 0.58 - - - 
Fatty acids, g                
  C14 12.92 441  12.50 421  13.50 461  11.50 438 8.58 0.15 0.07 <0.01 
  C16 2923 4758  2920 4577  2889 4695  2950 4575 105 - - <0.01 
  C16:1 42.21 456  41.89 442  44.02 427  40.09 409 8.45 0.02 0.13 <0.01I 
  C17 17.29 197  16.96 189  20.29 194  18.14 185 3.75 - 0.07 <0.01 
  C18 443 3059  434 2903  497 3074  459 2971 59.7 - 0.08 <0.01 
  C18:1 5903 8443  5918 8070  6157 7768  5807 7692 188.4 0.03 0.15 <0.01I 
  C18:2 12060 4844  12211 4752  13041 4455  12316 4790 212.7 0.15 - <0.01I 
  C18:3n3  384 229  363 234  505 240  469 239 8.12 <0.01 0.03I <0.01IJ 
  C18:3n6  5.27 28.79  10.32 39.65  3.36 33.61  4.29 34.93 0.65 <0.01 <0.01 <0.01IJ 
  CLA 14.0 48.8  17.7 51.0  21.6 72.0  19.1 73.3 1.30 <0.01 -I <0.01I 
  C20 86.9 49.5  82.1 48.0  128.0 78.8  88.2 57.9 1.93 <0.01 <0.01 <0.01J 
  C20:1 73.1 89.5  67.5 85.0  133.3 131.2  112.1 142.9 2.87 <0.01 0.02 <0.01J 
  ∑SFA 3549 8614  3532 8188  3548 8575  3528 8295 179 - 0.15 <0.01 
  ∑MUFA 6019 9075  6028 8678  6344 8517  5967 8428 202 - 0.14 <0.01 
  ∑PUFA 12465 5163   12604 5081   13576 4814   12812 5171 222 0.06 - <0.01I 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 






Table 5.10 Effect of different fat sources and VE supplementation on fatty acid profile (%) in the backfat1 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
C10  0.05 0.05  0.05 0.05  0.05 0.05  0.05 0.05 0.003 0.08 - - 
C12 0.06 0.07  0.06 0.06  0.06 0.06  0.05 0.06 0.003 0.05 0.15 0.02 
C14 1.12 1.44  1.12 1.40  1.04 1.41  1.00 1.37 0.038 0.06 - <0.01 
C16 22.35 24.25  21.81 23.82  20.42 22.98  20.29 22.59 0.377 <0.01 0.17 <0.01 
C16:1 1.53 2.56  1.54 2.63  1.58 2.62  1.48 2.61 0.095 - - <0.01 
C17 0.19 0.51  0.21 0.53  0.18 0.56  0.20 0.51 0.018 - - <0.01 
C18 12.62 14.55  12.36 13.63  10.73 13.24  11.77 13.23 0.513 0.01 - <0.01 
C18:1 36.21 45.71  35.83 46.68  37.32 45.72  37.38 46.08 0.445 0.17 - <0.01I 
C18:2 22.77 8.28  24.03 8.52  24.54 9.01  23.91 9.05 0.638 0.12 - <0.01 
C18:3n6 0.05 0.16  0.05 0.17  0.07 0.19  0.07 0.20 0.006 <0.01 0.13 <0.01 
C18:3n3 0.67 0.37  0.70 0.39  0.77 0.39  0.74 0.38 0.022 0.02 - <0.01I 
 CLA 0.08 0.39  0.10 0.41  0.08 0.40  0.07 0.38 0.012 - -T <0.01 
C20 0.29 0.28  0.27 0.24  0.26 0.21  0.26 0.25 0.013 <0.01 -I <0.01 
C20:1 0.81 0.94  0.68 0.98  0.89 0.95  0.82 1.08 0.040 0.03 - <0.01J 
C20:2 0.99 0.31  0.95 0.34  1.16 0.30  1.12 0.35 0.027 <0.01 - <0.01IJ 
C20:4 0.20 0.12  0.22 0.14  0.22 0.14  0.23 0.13 0.008 0.05 0.05 <0.01 
∑SFA 36.69 41.16  35.89 39.74  32.77 38.57  33.64 38.15 0.745 <0.01 - <0.01 
∑MUFA 38.54 49.21  38.05 50.29  39.94 49.85  39.83 50.30 0.501 0.03 - <0.01 
∑PUFA 24.76 9.63  26.06 9.98  26.88 10.45  26.23 10.54 0.686 0.07 - <0.01 
IV 76.88 59.77   78.78 61.36   81.90 61.87   80.69 62.39 1.180 <0.01 - <0.01 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 





Table 5.11 Effect of different fat sources and VE supplementation on fatty acid profile (%) in the belly fat1 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW  CO TW  CO TW  CO TW SE Exp. VE Fat 
C10  0.05 0.06  0.06 0.06  0.05 0.06  0.06 0.06 0.003 - - - 
C12 0.07 0.07  0.07 0.07  0.06 0.07  0.06 0.07 0.003 - - 0.03 
C14 1.20 1.47  1.22 1.41  1.18 1.50  1.15 1.45 0.042 - - <0.01 
C16 21.46 23.16  21.20 23.19  21.04 22.87  20.45 22.74 0.376 0.14 - <0.01 
C16:1 2.05 2.94  1.95 2.92  2.02 3.09  1.87 2.87 0.100 - 0.10 <0.01 
C17 0.17 0.44  0.20 0.48  0.15 0.44  0.18 0.41 0.022 - 0.19 <0.01 
C18 10.28 12.24  10.58 12.11  9.70 11.29  10.07 11.82 0.469 0.15 - <0.01 
C18:1 41.41 49.07  40.50 49.00  41.55 48.69  40.86 48.64 0.792 - - <0.01 
C18:2 20.21 7.93  21.21 8.07  20.41 7.89  21.47 7.91 0.604 - 0.20 <0.01 
C18:3n6 0.06 0.16  0.08 0.17  0.03 0.01  0.05 0.04 0.009 <0.01 <0.01 <0.01I 
C18:3n3 0.54 0.31  0.58 0.30  0.62 0.35  0.69 0.32 0.027 0.02 - <0.01 
CLA 0.07 0.37  0.08 0.37  0.07 0.40  0.07 0.37 0.009 0.14 - <0.01 
C20 0.25 0.26  0.25 0.24  0.22 0.20  0.21 0.21 0.013 <0.01 - - 
C20:1 0.96 1.06  0.84 1.16  0.98 1.02  0.85 1.06 0.061 - - <0.01J 
C20:2 1.00 0.32  0.98 0.33  1.04 0.31  1.06 0.31 0.029 - - <0.01 
C20:4 0.21 0.14  0.23 0.15  0.24 0.15  0.26 0.13 0.011 0.02 - <0.01I 
∑SFA 33.49 37.69  33.57 37.55  32.43 36.50  32.21 36.83 0.745 0.09 - <0.01 
∑MUFA 44.42 53.07  43.29 53.07  44.70 53.34  43.76 53.07 0.854 - - <0.01 
∑PUFA 22.09 9.23  23.14 9.38  22.52 9.18  23.70 9.14 0.642 - 0.20 <0.01 
IV 77.26 62.40  78.16 62.66  78.39 62.55  79.73 62.18 0.967 - - <0.01 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 





Table 5.12 Effect of different fat sources and VE supplementation on fatty acid profile in the liver1 
Experiment: Exp.1  Exp.2     
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW  CO TW  CO TW  CO TW SE Exp. VE Fat 
Lipid, % 2.28 2.21  2.30 2.34  1.47 1.41  1.79 1.39 0.099 <0.01 0.12 0.09 
Fatty acid profile, %           
  C14 0.24 0.33  0.22 0.32  0.40 0.51  0.36 0.49 0.040 <0.01 - <0.01 
  C16 13.20 14.16  13.58 14.45  13.11 14.68  12.92 14.70 0.434 - - <0.01 
  C16:1 0.84 1.40  0.69 1.49  0.43 1.48  0.49 1.26 0.110 0.18 - <0.01 
  C17 0.79 1.00  0.70 1.42  0.54 0.69  0.60 0.66 0.101 0.01 0.20 <0.01I 
  C18 25.54 25.14  25.99 25.11  19.33 19.25  19.93 18.85 0.704 <0.01 - - 
  C18:1 10.96 16.59  10.98 16.84  11.09 16.96  11.37 16.39 0.496 - - <0.01 
  C18:2 23.84 15.98  22.54 15.66  23.49 15.25  22.39 15.44 0.387 - 0.03 <0.01J 
  C18:3 n6 0.24 0.19  0.26 0.20  0.25 0.18  0.22 0.19 0.029 - - 0.02 
  C18:3 n3 0.22 0.16  0.21 0.16  0.39 0.24  0.32 0.23 0.024 <0.01 - <0.01 
  CLA 0.38 0.51  0.36 0.40  1.12 1.20  1.15 1.27 0.107 <0.01 - - 
  C20:1 0.25 0.26  0.25 0.35  0.15 0.27  0.14 0.20 0.046 <0.01 - 0.03 
  C20:2 0.86 0.36  0.89 0.35  0.77 0.40  0.71 0.42 0.050 - - <0.01I 
  C20:4 19.22 19.34  19.42 18.98  19.22 18.22  19.57 19.02 0.532 - - - 
  C22 0.74 0.89  0.58 0.71  0.14 0.36  0.13 0.24 0.091 <0.01 0.08 0.03 
  C22:4 1.27 1.04  1.49 1.12  0.95 0.87  1.09 0.78 0.065 <0.01 0.06 <0.01J 
  C22:5 0.96 1.39  1.25 1.37  1.11 1.41  1.31 1.49 0.077 0.12 0.02 <0.01 
  C22:6 0.36 1.06  0.47 0.79  0.71 0.80  0.63 0.83 0.129 - - <0.01 
  ∑SFA 40.51 41.53  41.08 42.02  33.51 35.45  33.95 34.94 0.591 <0.01 - <0.01 
  ∑MUFA 12.05 18.25  11.92 18.69  11.67 18.72  12.00 17.85 0.583 - - <0.01 
  ∑PUFA 47.43 40.16  46.97 39.34  51.11 41.93  50.25 42.41 0.652 <0.01 - <0.01 
  IV 125.37 121.51  126.03 119.16  133.09 122.06  131.94 123.15 1.452 0.06 - <0.01I 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. J Interaction 





5.4.7 Antioxidant status  
As shown in Table 5.13, there were differences in the results of the two experiments 
on most measurements relating to the antioxidant status. Pigs from Experiment 2 had 
higher (P = 0.02) content of GSSG on wet tissue basis, and higher (P < 0.05) content of 
GSSG, GSH, and MDA on protein basis than pigs from Experiment 1. Pigs from 
Experiment 2 also had higher (P < 0.01) SOD activity on both wet tissue basis and protein 
basis than pigs from Experiment 1. The significant interaction between experiment and VE 
on total GSH, GSSG, and GSH on wet tissue basis could indicate the variability of the 
response of the antioxidant system to dietary VE treatment. 
Pooling the two studies altered the detected response of antioxidant status to dietary 
treatment of fat and VE. With the disappearance of the significant beneficial effect of 
increasing dietary ATA on SOD activity and MDA content which was detected in Chapter 
4, no effect of dietary VE treatment was observed on all the measurements. The difference 
in SOD activity caused by different fat sources which was detected in Chapter 3, was again 
detected after the pooling of the two studies. Compared to pigs fed CO diets, pigs fed TW 




Table 5.13 Effect of different fat sources and VE supplementation on antioxidant status in the liver1 
Experiment: Exp.1   Exp.2         
VE, ppm: 11  200  11  200  P-value 
Fat source: CO TW   CO TW   CO TW   CO TW SE Exp. VE Fat 
Total GSH, 𝜇mol/g wet liver 10.09 10.16  11.31 11.22  14.12 11.41  11.03 11.48 0.74 0.17 -I - 
GSSG, 𝜇mol/g wet liver 0.60 0.65  0.80 0.70  1.14 0.90  0.78 0.80 0.09 0.02 -I - 
GSH, 𝜇mol/g wet liver 8.88 8.86  9.71 9.83  11.84 9.60  9.47 9.88 0.61 - -I - 
GSH/GSSG 14.90 16.40  13.24 14.52  10.34 11.55  12.26 13.11 1.41 - - - 
GSH 𝜇mol/g protein 78.26 78.81  88.48 77.49  115.96 97.10  91.99 99.65 6.95 0.02 - - 
GSSG 𝜇mol/g protein  5.35 5.67  7.43 5.68  11.22 8.97  7.57 7.99 0.86 <0.01 -I 0.19 
SOD, U/g wet liver 2.86 2.53  2.63 2.81  3.89 3.51  4.33 3.80 0.17 <0.01 0.11 0.04 
SOD, U/mg protein 24.84 22.33  23.96 22.25  37.36 35.98  41.65 37.20 1.67 <0.01 - 0.04 
MDA, nmol/g wet liver 7.05 8.03  7.46 8.76  9.33 9.36  8.14 7.83 0.87 - - - 
MDA, nmol/g protein 60.94 70.49   66.79 69.65   90.48 92.74   79.03 79.63 6.49 0.01 - - 
1 Values are least squares means of 8 replicates for Exp.1 and 6 replicates for Exp. 2. I Interaction with experiment, P < 0.05. No 






Due to the nature of research, variability exists in some response of animals to 
different dietary treatments. Increasing sample size by pooling multiple studies may help 
to better understand the true effect. Although many differences were detected in these two 
experiments, pooling common treatments from both studies provided a much clearer 
picture of dietary fat sources and VE treatments. The pooled data showed the beneficial 
effect of dietary VE supplementation at 200 ppm through both increasing ADG and 
reducing F/G. Pigs fed CO diets had higher ADG due to the higher ADFI. Carcass traits 
including backfat thickness and belly firmness were more sensitive to dietary FA profile 
than the dietary VE treatments. Similarly, the FA profile in adipose tissues and liver was 
also more sensitive to the dietary FA profile but not dietary VE treatments. The antioxidant 
status in the liver was only affected by dietary fat sources but not dietary VE treatment. In 
conclusion, beneficial effects of supranutritional dietary VE supplementation at 200 ppm 
were detected on growth performance, while altering dietary fat sources was a better option 




Chapter 6  General Discussion 
The swine industry is facing a big challenge in meeting the demand of the rapid 
increase in global meat consumption, especially in pork. Together with the increase in the 
total number of pigs, the SLW has also risen continuously over the past decades from 113 
kg (1990) to 127 kg (2017), an estimated SLW in 2032 will be over 150 kg based on a 
projection using SLW data from the USDA National Agricultural Statistics Service. The 
current research evaluated the potential of the current breed and outcomes of the heavier 
SLW including the size of primal cuts, growth curve and efficiency. Results of current 
study showed drawbacks of the current breed in slowing down lean growth and increasing 
F/G with the increasing SLW up to 150 kg. At the same time, backfat thickness increased 
with the increasing body weight, which also indicated more fat deposition.  
In agreement with previous studies (Pettigrew et al., 1991; Gu and Li, 2003; Liu et 
al., 2018), fat supplementation reduced ADFI and F/G in the current study. Improvement 
in ADG on heavy pigs during Phase 1-5 was observed with the supplementation of 
distiller’s CO compared to CS and CN diets. This beneficial effect might be due to a change 
in organoleptic properties of diets caused by CO addition and its essential role in providing 
essential FAs and facilitating absorption and transportation of fat-soluble nutrients 
especially vitamins. When it comes to dietary supplemental effect of VE, a tendency of 
increase in ADG during Phase 5 and decrease in F/G during Phase 3 and Phase 4 in 
response to the increasing dietary VE treatment up to 200 ppm was observed in Chapter 3. 
In Chapter 4, beneficial effects of increasing dietary ATA supplementation from 11 to 200 
ppm were also observed, which linearly improved ADG and ADFI during Phase 1-4, and 
linearly increased overall ADG from 28 to 150 kg. The linear increase in growth 
performance kept growing since Phase 2, and lasted until Phase 5. The current studies 
demonstrate the beneficial effects of dietary VE supplementation over recommendation of 
NRC (2012), up to 200 ppm, through both increasing ADG and reducing F/G.  
The change in both amount and profile of the fat deposition with improving SLW 
may also affect processing of related pork products. Previous studies reported that the 
percentage of total fat, SFA, and MUFA in fat tissues, loin muscle, and whole carcass 
increased, while the percentage of PUFA decreased as SLW of pigs increased from 28.1 to 
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113.6 kg regardless of the type of dietary fat sources (Apple et al., 2009a, b; Apple et al., 
2009c). The change in FA profile with increasing SLW may alter the response of pigs on 
pork quality to dietary fat supplementation at heavy slaughter weight. The current research 
used four different fat treatment including a low-fat diet and diets with three fat sources 
including tallow, corn oil, and coconut oil, which had a broad range in the content of SFA, 
MUFA and SFA. Corresponding to FA profile of dietary fats, among the four dietary fat 
treatments, pigs from the CN group had the highest (P < 0.05) total SFA content, but the 
lowest (P < 0.05) total PUFA content and IV in the backfat, belly fat and liver; pigs from 
the TW group had the highest (P < 0.05) total MUFA content in the backfat, belly fat, and 
liver; and pigs from the CO group had highest PUFA content. As a result, pigs fed CN diets 
had the highest firmness as indicated by the greatest belly angle (P < 0.05). The result may 
provide a potential solution over the long-term use of DDGS in the modern pork production 
in terms of altering pork firmness by supplying highly saturated fat sources such as CN. 
Increased levels of α-T deposition in loin muscle and blood concentrations have 
also been consistantly reported when the dietary ATA level was increased up to 700 ppm 
from 8 ppm (Kingston et al., 1998; Harms et al., 2003; Lauridsen et al., 2013; Kim et al., 
2015). The current studies show that increasing dietary ATA supplementation from 11 to 
200 ppm increased α-T concentration in plasma from the end of Phase 1 to Phase 5 (linear 
and quadratic, P < 0.01). Increasing dietary ATA supplementation from 11 to 200 ppm also 
increased ATA concentration in muscle (linear, P < 0.01) and liver (linear, P < 0.01). With 
increasing time of dietary ATA consumption, the concentration of plasma α-T increased 
(linear and quadratic, P < 0.01), and a significant interaction between time and levels of 
ATA was observed. The slope of plasma VE concentration along with time did not differ 
when pigs fed 40, 100, and 200 ppm ATA, but their slope was significantly greater than 
pigs fed 11 ppm ATA (P < 0.05). This result indicated the plateau response of increasing 
dietary VE supplementation at 40 ppm, implying that VE supplementation over 40 ppm 
may be not necessary in regarding to the plasma VE concentration.  
The susceptibility of pork to lipid peroxidation and rancidity may increase with 
high levels of PUFA and degree of unsaturation (Mitchaothai et al., 2007; Okrouhlá et al., 
2010; Browne et al., 2013a). This issue was observed in the current research, where the 
dynamic TBARS content with elongated display time from pigs fed corn oil diets increased 
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at a larger (P < 0.05) rate compared to those from pigs fed tallow diets. This result implies 
the direct negative impact of intensive use of ingredients high in UFA such as DDGS. 
Regarding this issue, the increased deposition of VE in tissues from dietary 
supplementation above the dietary requirement of 11 ppm (e.g., 200 ppm) may display 
benefits on different pork quality properties including lipid oxidation, water-holding 
capacity, and discoloration (Bosi et al., 2000; Trefan et al., 2011; Wang et al., 2012; Song 
et al., 2014). The current study reported the beneficial effect of dietary VE supplementation 
in preventing lipid oxidation in loin muscle under retail display but not pork color and 
water holding capacity. The TBARS in the loin muscle from pigs fed 11 ppm increased at 
a greater (P < 0.05) rate compared to those from pigs fed 40, 100 and 200 ppm ATA, while 
not difference were detected between any two of the three diets with 40, 100, or 200 ppm 
ATA. The result indicated an improvement in shelf life by the supplementation of VE over 
nutrient recommendation of 11 IU/kg by NRC (2012).  
Being a fat-soluble vitamin, absorption and bioavailability of VE highly depend on 
the addition of dietary fat and properties of the dietary fat (Prévéraud et al., 2014; Prévéraud 
et al., 2015). In the current study, significant effects of dietary fat sources were observed 
on VE concentration in plasma during Phase 3 (P = 0.03) where pigs fed tallow diets had 
higher plasma α-T. Also, there was an interaction between fat sources and levels of dietary 
ATA on α-T concentration in the muscle (P = 0.04), and γ-T concentration in the liver (P 
= 0.04), wherein α-T concentration in the muscle of pigs fed CO and CN diets increased at 
a greater rate (P < 0.05) along with the increasing dietary ATA supplementation compared 
to pigs fed CO diets. When TW was supplied in diets, the average α-T deposition in muscle 
and liver of pigs fed ATA diets was 2.2 and 1.6 times as high as that of pigs fed γ-T diets, 
respectively. However, differences were only 1.6 and 1.1 times, respectively when CO was 
supplied. The FA profile of these fats is the major reason for this interaction. Interactions 
between VE absorption and FA profile such as content of SFA, MUFA, and PUFA caused 
the differences in concentration of α-T in plasma and tissues. The fat source is suggested 
to be taken into consideration in regarding to the efficiency of dietary VE supplementation. 
The current studies also evaluated the potential differences in response to two VE 
sources. Although ATA is the most commonly used sources in swine diets, γ-T is often the 
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most prevalent form of VE in plant seeds oil and products derived from them (Speek et al., 
1985; Grilo et al., 2014), as γ-T represents  ~70% of the VE consumed in the typical US 
diet (Jiang et al., 2001). In contrast, α-T is the predominant form of VE in most human and 
animal tissues. The current study reported that only two forms of tocopherol were 
measurable in pigs, α- T and γ-T in plasma, muscle, and liver. For the first time, the current 
study confirmed the similar response of plasma and tissue γ-T in swine to the increasing 
dietary γ-T supplementation, which increased along with increasing dietary consumption. 
However, the increasing γ-T supplementation also improved plasma α-T to a much greater 
magnitude than the increase in plasma γ-T. The result may indicate the interaction between 
γ-tocopherol and α-tocopherol in the animal body.  
For the first time in swine, the current research reported the decreased γ-T 
concentration (linear, P < 0.01, quadratic, Phase 1 and 2, P < 0.05) in plasma, and in muscle 
(linear and quadratic, P < 0.01) and liver (linear, P = 0.06) with the increasing dietary ATA 
supplementation from 11 to 200 ppm. As summarized by Wolf (2006), there are three 
potential mechanisms to explain this result: 1) although low fraction of γ-T is transferred 
by αTTP, increased α-T competed for the access to the transfer protein αTTP, through 
which the amount of γ-T in the circulation is reduced (Traber et al., 2005); 2) increasing α-
T triggered the hepatic enzyme metabolizing both α-T and γ-T, leading to the fast excretion 
of γ-T; 3) animal tissues preferentially metabolize non-α-T forms of tocopherol, and 
preferentially deposit α-T. 
The difference in efficiency of deposition observed in the current research between 
the two isoforms of VE confirmed the similarity of the deposition of tocopherol in swine 
and rats. Previous studies in rats showed that the bioavailability of D-γ-tocopherol was only 
13% of DL-α-tocopheryl acetate (Bieri and Evarts, 1974; Leth and Søndergaard, 1977). 
Although absorption rates for both α-T and γ-T are similar, the deposition efficiency of 
these two isoforms varies. When equal amounts of α-T and γ-T (0.2 mg tocopherol per day) 
were administered to mice, 10 times more α-T than γ-T was acquired by tissues due to the 
preferential transfer of α-T to lipid particles in the liver via αTTP (McCary et al., 2011).  
Interactions between high PUFA diets and VE to affect immune function have been 
reported (Bendich et al., 1985; Lauridsen, 2010). Reduction in inflammatory response can 
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be observed in terms of decreasing serum TNF-α concentration after an immune challenge 
by decreasing the n-6:n-3 FA ratio (Meyer, 2003; Beaulieu, 2011). Further, increasing 
dietary VE is widely accepted to be able to enhance immunity in terms of antibodies against 
a wide variety of virus and bacteria in human, chickens, pigs, sheep and calves (Finch and 
Turner, 1996; Meydani et al., 1997; Eum et al., 2013; Cheng et al., 2017). However, the 
titer of the three antibodies to strains of influenza virus did not differ between treatments 
due to the large variance.  
In summary, under the condition in the current studies:  
1) Increasing dietary VE supplementation from 11 to 200 ppm improved growth 
performance, antioxidant status, and meat oxidative stability of pigs but not carcass 
characteristic and meat color in pigs grown to 150 kg.  
2) Dietary fat sources affected growth performance, lean growth, fat deposition, 
belly firmness, pork oxidative stability, tissue FA profile, and antioxidant status in pigs 
grown to 150 kg.  
3) Dietary VE supplementation interacted with dietary fat sources on plasma VE 
concentration. Plasma VE concentration increased faster in pigs fed diets with 
supplementation of TW or CN compared to CO or non-fat supplementation.  
4) Dietary VE supplementation affected both liver and muscle tocopherol content 
but it affected liver tocopherol content (which would affect overall body antioxidant status) 
to a greater degree than muscle tocopherol content (which would affect pork quality). 
Due to many limitations especially funds available in the current research, many 
other further measurements which would help to provide a better understanding of the 
current topic have not been done. Also, further research is also needed to answer questions 
arising from the current studies. They are: 
1) Measurements such as TNF-α, IFN α/β, IFN γ, and IL-2. Together with the titer 
information, the result would be able to reflect the status of the immune response better. 
As discussed in the Section 2.5.4.3, α-T and γ-T may interfere with inflammation 
development and recruitment of immune cells via affecting leukocyte trans-endothelial 
migration.   
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2) The concentrations of α-T and γ-T in other tissues including adipose, kidney, 
heart, and bile. The result would provide a whole picture of deposition and excretion of 
tocopherols with different dietary supplementation (isoforms and levels).  
3) Regarding the beneficial effect of fat supplementation observed in the current 
research, another experiment to test the feed preference to diets with different fat inclusion 
in pigs should be able to confirm the differences in palatability between these fat sources. 
4) Based on the significant effect of altering dietary FA profile in belly firmness, 
adding highly saturated fats in high-DDGS diets or replacing the high-DDGS diets before 
slaughter for different period of time would be very promising to solve the soft belly issues.  
5) Measurements related to the protein oxidation in loin muscle, such as carbonyl-
amine. As discussed in Section 2.5.4.2, because of its capacity in reacting with 
peroxynitrite free radicals, γ-T may have better capacity in preventing protein oxidation 
than α-T.  
6) An interesting difference in the lipid content of liver was observed in Chapter 5, 
which might be caused by the increase in dietary SID lysine level. Although there was no 
difference in growth performance during Phase 5 between both studies, dietary lysine level 
may have affected the lean growth. Further studies need to be done to establish an 
appropriate requirement of SID lysine for heavyweight pigs between 125 and 150 kg. 
7) As discussed in Section 4.5.2, VE might be the threshold vitamin when other 
vitamins are relatively high. Although no previous research has been reported, the potential 
for this threshold may exist. Further study with same dietary VE level and different amount 
of recommended levels of other vitamins by NRC (2012) and OVN recommendation will 
be able to answer this question.  
8) Heavy SLW means more fat deposition in loin muscle, adipose tissue, and organs, 
while the increased fat content in the loin muscle will possibly increase the juiciness and 
palatability of loin. Further research on the marbling development in loin muscle of pigs 




Appendix 1. Analyzed fatty acids profile and tocopherol content in diets of different body weight phases   
Table A.1.1 Fatty acid profile of Phase 1 diets (Study 1) 
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Lipid, % 2.47 6.82 7.13 6.89  2.36 7.05 7.07 6.89 
Fatty acid profile, %          
  C6 0.00 0.00 0.00 0.24  0.00 0.00 0.00 0.27 
  C8 0.01 0.02 0.01 4.33  0.02 0.01 0.00 4.56 
  C10  0.01 0.02 0.00 3.54  0.00 0.05 0.00 3.70 
  C12 0.04 0.04 0.01 28.82  0.17 0.04 0.00 29.99 
  C14 0.05 1.95 0.06 11.63  0.15 1.87 0.06 12.07 
  C16 14.81 21.03 13.67 11.51  15.19 20.58 13.62 11.46 
  C16:1 0.51 2.02 0.19 0.13  0.38 1.96 0.19 0.22 
  C18 2.07 13.48 2.11 2.62  2.63 12.95 2.10 2.63 
  C17 0.08 0.87 0.09 0.10  0.17 0.84 0.08 0.14 
  C18:1 22.64 36.24 26.20 13.40  22.87 36.10 26.27 12.77 
  C18:2 55.70 20.85 54.66 22.10  54.54 22.30 55.05 20.51 
  C18:3n6  0.00 0.14 0.04 0.01  0.07 0.15 0.05 0.02 
  C18:3n3  2.91 1.17 1.89 1.01  2.97 1.21 1.54 1.02 
  CLA 0.17 0.23 0.00 0.02  0.04 0.22 0.04 0.03 
  C20 0.35 0.21 0.41 0.19  0.34 0.22 0.38 0.18 
  C20:1 0.27 0.40 0.36 0.14  0.29 0.39 0.29 0.13 
  C20:2 0.00 0.06 0.02 0.12  0.00 0.03 0.02 0.14 
  C22 0.13 0.06 0.17 0.05  0.13 0.05 0.17 0.06 
  C24 0.24 0.30 0.06 0.02  0.04 0.15 0.08 0.05 
  ∑SFA 17.79 37.99 16.59 63.03  18.83 36.76 16.50 65.12 





Table A.1.1 continued      
  ∑PUFA 58.79 22.45 56.60 23.26  57.62 23.91 56.69 21.70 
Iodine value 124.54 73.39 122.74 52.93  122.73 75.80 122.59 49.78 
α-Tocopheryl Acetate 11.62 13.96 11.07 10.33  222.22 219.73 196.86 202.88 





Table A.1.2 Fatty acid profile of Phase 2 diets (Study 1)  
VE, ppm: 11  200 
Fat source: Corn Starch Tallow Corn oil Coconut oil  Corn Starch Tallow Corn oil Coconut oil 
Lipid, % 2.67 7.03 7.38 6.93  2.38 7.33 6.43 7.20 
Fatty acid profile, %          
  C6 0.00 0.00 0.00 0.14  0.00 0.00 0.00 0.20 
  C8 0.00 0.00 0.00 3.78  0.01 0.00 0.00 4.17 
  C10  0.00 0.03 0.00 3.56  0.00 0.03 0.00 3.60 
  C12 0.00 0.05 0.00 30.36  0.00 0.05 0.00 29.94 
  C14 0.08 2.00 0.06 12.32  0.06 1.93 0.06 12.12 
  C16 14.85 21.12 12.96 11.93  14.40 20.70 12.79 11.34 
  C16:1 0.20 2.05 0.20 0.32  0.18 2.04 0.21 0.09 
  C18 2.26 14.06 2.02 2.58  1.99 13.01 1.90 2.59 
  C17 0.10 0.91 0.08 0.64  0.09 0.84 0.08 0.08 
  C18:1 23.84 37.39 26.89 12.40  23.21 36.64 26.40 13.25 
  C18:2 55.16 19.22 54.97 19.85  56.37 21.63 55.43 21.17 
  C18:3n6  0.10 0.04 0.00 0.00  0.00 0.21 0.00 0.00 
  C18:3n3  2.52 0.87 1.76 0.82  2.58 1.03 1.79 0.90 
  CLA 0.00 0.23 0.07 0.17  0.15 0.26 0.18 0.10 
  C20 0.37 0.21 0.35 0.17  0.32 0.20 0.36 0.17 
  C20:1 0.30 0.39 0.31 0.10  0.31 0.37 0.37 0.11 
  C20:2 0.00 0.08 0.00 0.52  0.00 0.05 0.00 0.26 
  C22 0.19 0.01 0.15 0.00  0.00 0.00 0.00 0.00 
  C24 0.00 0.41 0.15 0.24  0.30 0.12 0.37 0.03 
  ∑SFA 17.84 38.81 15.76 65.72  17.17 36.89 15.57 64.23 
  ∑MUFA 24.34 40.21 27.40 12.96  23.70 39.44 26.98 13.51 
  ∑PUFA 57.78 20.44 56.80 21.35  59.10 23.17 57.41 22.42 
Iodine value 123.32 70.56 123.49 48.65  125.00 74.92 124.18 51.14 
α-Tocopheryl Acetate 13.51 13.00 15.07 10.28  220.99 225.91 225.00 194.00 




Table A.1.3 Fatty acid profile of Phase 3 diets (Study 1)  
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Lipid, % 2.76 7.17 7.07 7.14  2.55 6.87 8.17 6.75 
Fatty acid profile, %          
  C6 0.00 0.00 0.00 0.15  0.00 0.00 0.00 0.16 
  C8 0.01 0.01 0.00 4.02  0.02 0.01 0.00 4.07 
  C10  0.00 0.03 0.00 3.64  0.00 0.03 0.00 3.69 
  C12 0.09 0.06 0.00 30.63  0.10 0.06 0.02 30.63 
  C14 0.09 1.90 0.06 12.22  0.09 1.94 0.06 12.25 
  C16 14.70 20.47 13.14 11.11  14.35 21.01 13.01 12.03 
  C16:1 0.20 2.02 0.20 0.09  0.20 2.02 0.19 0.35 
  C18 1.99 13.01 1.99 2.53  1.94 13.48 1.98 2.50 
  C17 0.09 0.84 0.08 0.14  0.09 0.87 0.08 0.59 
  C18:1 26.02 37.10 27.04 13.71  25.82 36.88 27.21 13.00 
  C18:2 53.70 21.13 54.38 20.11  54.16 20.86 54.57 18.71 
  C18:3n6  0.07 0.16 0.07 0.00  0.00 0.18 0.10 0.00 
  C18:3n3  2.26 0.92 1.74 0.81  2.36 0.98 1.70 0.75 
  CLA 0.00 0.22 0.12 0.15  0.25 0.19 0.08 0.18 
  C20 0.35 0.21 0.43 0.18  0.32 0.22 0.37 0.17 
  C20:1 0.27 0.38 0.32 0.11  0.25 0.39 0.29 0.12 
  C20:2 0.00 0.08 0.00 0.36  0.00 0.00 0.00 0.41 
  C22 0.13 0.00 0.15 0.00  0.00 0.00 0.13 0.00 
  C24 0.00 0.57 0.25 0.04  0.03 0.00 0.17 0.21 
  ∑SFA 17.44 37.10 16.10 64.65  16.93 37.61 15.82 66.31 
  ∑MUFA 26.49 39.88 27.56 14.04  26.26 39.67 27.69 13.62 
  ∑PUFA 56.03 22.51 56.31 21.42  56.77 22.21 56.45 20.06 
Iodine value 121.88 74.02 122.79 49.71  122.96 73.42 123.16 46.92 
α-Tocopheryl Acetate 12.63 11.46 14.45 11.70  244.76 235.51 233.23 234.05 




Table A.1.4 Fatty acid profile of Phase 4 diets (Study 1)  
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Lipid, % 2.98 7.62 7.16 7.93  2.54 7.25 7.33 6.37 
Fatty acid profile, %          
  C6 0.00 0.00 0.00 0.26  0.00 0.00 0.00 0.17 
  C8 0.02 0.00 0.00 4.37  0.04 0.02 0.00 4.66 
  C10  0.00 0.03 0.00 3.48  0.06 0.05 0.00 4.06 
  C12 0.18 0.06 0.00 28.56  0.27 0.16 0.00 33.64 
  C14 0.13 1.84 0.06 11.51  0.15 1.95 0.06 13.43 
  C16 14.51 20.38 12.89 11.36  14.47 21.03 13.24 13.11 
  C16:1 0.20 1.91 0.19 0.32  0.19 2.06 0.19 0.12 
  C18 1.96 12.91 1.92 2.50  1.90 13.34 1.94 2.87 
  C17 0.13 0.83 0.08 0.55  0.08 0.91 0.08 0.04 
  C18:1 25.30 36.86 27.41 13.85  24.97 36.96 26.86 1.62 
  C18:2 54.51 22.06 54.49 21.56  54.83 20.60 55.03 25.04 
  C18:3n6  0.10 0.17 0.00 0.00  0.06 0.19 0.09 0.00 
  C18:3n3  2.20 0.96 1.56 0.85  2.30 0.99 1.70 1.00 
  CLA 0.00 0.15 0.20 0.11  0.00 0.27 0.00 0.00 
  C20 0.33 0.22 0.39 0.19  0.33 0.21 0.36 0.21 
  C20:1 0.26 0.39 0.35 0.14  0.27 0.37 0.29 0.15 
  C20:2 0.00 0.06 0.00 0.29  0.00 0.00 0.00 0.00 
  C22 0.13 0.00 0.12 0.00  0.03 0.02 0.13 0.02 
  C24 0.00 0.31 0.32 0.19  0.00 0.00 0.00 0.00 
  ∑SFA 17.39 36.60 15.77 62.96  17.33 37.68 15.81 72.22 
  ∑MUFA 25.76 39.52 27.94 14.38  25.43 39.76 27.34 1.91 
  ∑PUFA 56.82 23.39 56.25 22.81  57.19 22.06 56.81 26.04 
Iodine value 122.59 75.30 122.80 52.51  123.02 73.24 123.49 47.62 
α-Tocopheryl Acetate 13.73 12.55 10.15 12.09  252.42 224.89 226.91 209.50 




Table A.1.5 Fatty acid profile of Phase 5 diets (Study 1)  
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Lipid, % 2.57 7.68 6.69 7.39  2.60 7.28 7.11 7.24 
Fatty acid profile, %          
  C6 0.00 0.00 0.00 0.22  0.00 0.00 0.00 0.20 
  C8 0.02 0.02 0.01 4.34  0.02 0.02 0.02 4.24 
  C10  0.01 0.04 0.00 3.56  0.00 0.04 0.00 3.46 
  C12 0.15 0.17 0.02 28.73  0.13 0.15 0.04 28.51 
  C14 0.11 1.85 0.06 11.41  0.10 1.89 0.05 11.50 
  C16 14.70 20.15 13.33 11.37  14.84 20.54 12.82 11.63 
  C16:1 0.21 1.90 0.19 0.09  0.22 1.95 0.18 0.17 
  C18 2.00 12.82 1.99 2.51  2.12 13.18 1.88 2.57 
  C17 0.09 0.82 0.08 0.04  0.12 0.84 0.07 0.05 
  C18:1 24.81 36.61 27.03 14.21  24.88 36.76 27.26 14.43 
  C18:2 54.72 22.78 54.83 22.47  54.47 21.78 54.88 22.16 
  C18:3n6  0.10 0.10 0.00 0.00  0.10 0.19 0.00 0.00 
  C18:3n3  2.27 0.90 1.62 0.83  2.22 0.95 1.55 0.83 
  CLA 0.00 0.22 0.00 0.00  0.00 0.22 0.15 0.00 
  C20 0.36 0.23 0.37 0.19  0.36 0.23 0.37 0.21 
  C20:1 0.28 0.38 0.29 0.15  0.27 0.40 0.30 0.15 
  C20:2 0.00 0.00 0.00 0.04  0.00 0.00 0.00 0.05 
  C22 0.15 0.02 0.13 0.01  0.13 0.02 0.14 0.02 
  C24 0.00 0.18 0.00 0.00  0.00 0.00 0.25 0.00 
  ∑SFA 17.58 36.29 15.99 62.38  17.81 36.90 15.65 62.37 
  ∑MUFA 25.30 39.22 27.51 14.48  25.36 39.46 27.73 14.76 
  ∑PUFA 57.08 24.01 56.46 23.35  56.80 23.14 56.58 23.04 
Iodine value 122.71 76.01 122.87 53.60  122.24 74.84 123.19 53.33 
α-Tocopheryl Acetate 12.98 11.33 10.71 8.88  247.06 214.70 204.30 219.00 




Table A.1.6 Fatty acid profile of Phase 1 diets (Study 2)  
Fat source: Tallow   Corn oil 
Isoform: ATA  γ-T  ATA  γ-T 
Level, ppm: 11 40 100 200   40 100   11 40 100 200   40 100 
Lipid, % 6.74 7.42 7.09 7.11  7.25 7.06  7.05 7.12 7.30 7.04  7.09 6.94 
Fatty acid profile, %              
  C14 2.08 1.91 2.05 2.03  1.99 2.06  0.05 0.05 0.05 0.06  0.06 0.05 
  C14:1 0.38 0.36 0.39 0.39  0.36 0.37  0.00 0.00 0.00 0.00  0.00 0.00 
  C16 21.38 20.61 21.19 21.02  20.89 21.22  13.29 13.31 13.20 13.22  13.25 13.27 
  C16:1 1.92 1.80 1.90 1.88  1.86 1.91  0.19 0.18 0.18 0.18  0.18 0.18 
  C17 0.87 0.81 0.87 0.86  0.84 0.87  0.08 0.08 0.08 0.08  0.08 0.08 
  C18 14.02 13.27 14.06 13.94  13.53 13.99  2.16 2.16 2.16 2.17  2.15 2.16 
  C18:1 34.94 34.41 34.92 34.79  34.66 34.69  25.65 25.53 25.67 25.52  25.50 25.56 
  C18:2 20.36 22.50 20.18 20.97  21.75 20.51  55.52 55.59 55.33 55.16  55.32 55.31 
  C18:3n3  1.27 1.34 1.28 1.22  1.34 1.34  2.33 2.32 2.28 2.34  2.36 2.36 
  C18:3n6  0.13 0.23 0.24 0.16  0.34 0.28  0.00 0.00 0.00 0.00  0.00 0.00 
  CLA 0.27 0.36 0.34 0.32  0.35 0.40  0.08 0.12 0.14 0.10  0.08 0.11 
  C20 0.23 0.24 0.23 0.22  0.13 0.23  0.35 0.36 0.35 0.35  0.35 0.39 
  C20:1 0.41 0.33 0.41 0.40  0.43 0.35  0.26 0.25 0.52 0.79  0.62 0.48 
  C20:3 0.03 0.02 0.02 0.03  0.00 0.00  0.00 0.00 0.00 0.00  0.00 0.00 
  ∑SFA 38.91 37.16 38.73 38.39  37.71 38.69  15.94 15.97 15.85 15.88  15.89 15.96 
  ∑MUFA 38.13 37.34 38.11 37.94  37.78 37.81  26.14 26.00 26.41 26.52  26.34 26.26 
  ∑PUFA 22.05 24.44 22.05 22.71  23.77 22.53  57.92 58.03 57.75 57.60  57.77 57.78 
Iodine value 72.50 76.09 72.58 73.46  75.40 73.23  124.86 124.92 124.73 124.61  124.77 124.74 
Tocopherol isoforms, ppm               
  Acetate 14 35 80 155  NMA NMA  17 29 74 169  NMA NMA 
  Alpha (α) 5 5 5 4  7 11  11 7 7 9  8 15 
  Beta (β) 1 1 1 1  1 1  NMA NMA NMA NMA  NMA NMA 
  Gamma (γ) 27 24 22 22  41 68  37 22 26 30  33 68 




Table A.1.7 Fatty acid profile of Phase 2 diets (Study 2)  
Fat source: Tallow   Corn oil 
Isoform: ATA  γ-T  ATA  γ-T 
Level, ppm: 11 40 100 200   40 100   11 40 100 200   40 100 
Lipid, % 8.22 7.45 7.34 7.78  7.28 7.08  7.28 7.11 7.10 7.18  6.79 7.48 
Fatty acid profile, %             
  C14 2.02 1.91 2.02 1.93  1.98 1.97  0.06 0.05 0.05 0.05  0.05 0.05 
  C14:1 0.37 0.35 0.37 0.35  0.36 0.36  0.00 0.00 0.00 0.00  0.00 0.00 
  C16 21.08 20.54 21.09 20.60  20.92 20.83  13.24 13.14 13.18 13.21  13.30 13.26 
  C16:1 1.89 1.81 1.87 1.82  1.86 1.85  0.18 0.18 0.18 0.18  0.18 0.18 
  C17 0.84 0.80 0.85 0.81  0.83 0.82  0.09 0.08 0.08 0.08  0.08 0.08 
  C18 13.54 12.94 13.70 13.17  13.46 13.33  2.13 2.06 2.07 2.09  2.12 2.07 
  C18:1 34.80 34.59 34.90 34.73  34.71 34.48  25.82 25.73 25.90 25.96  25.91 26.06 
  C18:2 21.54 23.23 21.36 22.59  21.82 22.25  55.47 55.75 55.51 55.55  55.44 55.39 
  C18:3n3  1.18 1.20 1.17 1.13  1.16 1.20  2.19 2.20 2.20 2.16  2.18 2.12 
  C18:3n6  0.17 0.18 0.15 0.20  0.16 0.17  0.00 0.01 0.01 0.00  0.00 0.00 
  CLA 0.23 0.25 0.24 0.25  0.24 0.24  0.03 0.06 0.05 0.05  0.04 0.05 
  C20 0.23 0.25 0.23 0.23  0.21 0.19  0.36 0.35 0.36 0.36  0.36 0.35 
  C20:1 0.41 0.39 0.37 0.42  0.46 0.49  0.38 0.32 0.35 0.26  0.28 0.34 
  C20:3 0.00 0.00 0.00 0.00  0.00 0.00  0.02 0.01 0.01 0.00  0.00 0.02 
  ∑SFA 38.02 36.75 38.20 37.06  37.72 37.46  15.87 15.68 15.74 15.80  15.92 15.81 
  ∑MUFA 37.95 37.59 37.98 37.77  37.85 37.63  26.42 26.27 26.46 26.44  26.42 26.61 
  ∑PUFA 23.11 24.86 22.92 24.17  23.39 23.85  57.70 58.03 57.78 57.76  57.66 57.57 
Iodine value 74.11 76.84 73.77 75.78  74.48 75.13  124.61 125.06 124.79 124.69  124.52 124.49 
Tocopherol isoforms, ppm           
  Acetate 7 31 60 127  NMA NMA  11 33 91 142  NMA NMA 
  Alpha (α) 4 4 3 3  6 9  8 8 10 8  11 17 
  Beta (β) NMA NMA 1 1  1 1  3 3 4 3  3 4 
  Gamma (γ) 18 18 13 15  30 50  28 28 33 29  48 79 




Table A.1.8 Fatty acid profile of Phase 3 diets (Study 2)  
Fat source: Tallow   Corn oil 
Isoform: ATA  γ-T  ATA  γ-T 
Level, ppm: 11 40 100 200   40 100   11 40 100 200   40 100 
Lipid, % 6.96 6.95 6.93 7.39  6.87 7.03  7.24 7.91 7.06 6.93  6.96 7.28 
Fatty acid profile, %               
  C14 2.09 2.04 2.05 2.00  2.04 2.10  0.06 0.05 0.06 0.05  0.05 0.05 
  C14:1 0.38 0.38 0.38 0.38  0.38 0.38  0.00 0.00 0.00 0.00  0.00 0.00 
  C16 21.22 20.75 20.99 20.51  21.02 21.12  13.00 12.87 13.10 13.25  13.06 12.94 
  C16:1 1.92 1.90 1.89 1.86  1.89 1.93  0.19 0.17 0.18 0.18  0.18 0.18 
  C17 0.89 0.89 0.86 0.85  0.89 0.90  0.09 0.08 0.08 0.08  0.08 0.08 
  C18 14.04 13.47 13.86 13.31  13.59 14.05  2.07 2.04 2.06 2.06  2.01 2.04 
  C18:1 35.03 34.41 34.93 34.76  34.69 34.96  25.92 25.93 25.48 25.96  25.92 26.08 
  C18:2 19.68 20.78 20.68 21.72  21.58 19.96  54.88 54.88 55.02 55.42  55.18 54.97 
  C18:3n3  1.06 0.61 1.01 1.07  1.10 1.01  2.11 2.04 2.26 2.14  2.07 2.08 
  C18:3n6  0.20 0.25 0.12 0.11  0.16 0.12  0.03 0.02 0.00 0.04  0.01 0.02 
  CLA 0.44 0.36 0.36 0.46  0.32 0.38  0.19 0.16 0.05 0.10  0.17 0.16 
  C20 0.22 0.22 0.24 0.31  0.22 0.43  0.38 0.37 0.58 0.36  0.35 0.38 
  C20:1 0.77 1.72 0.95 0.96  0.49 0.99  1.02 1.23 1.09 0.31  0.86 0.91 
  C20:3 0.11 0.11 0.11 0.18  0.06 0.08  0.01 0.07 0.00 0.00  0.00 0.03 
  ∑SFA 38.80 37.69 38.32 37.28  38.09 38.93  15.60 15.41 15.87 15.80  15.55 15.48 
  ∑MUFA 38.58 38.89 38.61 38.43  37.87 38.74  27.16 27.38 26.79 26.49  27.00 27.20 
  ∑PUFA 21.50 22.10 22.28 23.55  23.22 21.54  57.22 57.17 57.33 57.71  57.43 57.26 
Iodine value 71.85 72.72 73.08 75.21  74.19 71.90  124.32 124.38 124.29 124.66  124.49 124.39 
Tocopherol isoforms, ppm           
  Acetate 14 8 95 167  NMA NMA  11 52 106 213  NMA NMA 
  Alpha (α) 6 11 6 5  9 13  12 12 13 13  16 21 
  Beta (β) 1 3 1 1  1 1  5 5 5 5  5 5 
  Gamma (γ) 29 53 31 27  50 79  41 40 40 40  61 93 




Table A.1.9 Fatty acid profile of Phase 4 diets (Study 2)  
Fat source: Tallow   Corn oil 
Isoform: ATA  γ-T  ATA  γ-T 
Level, ppm: 11 40 100 200   40 100   11 40 100 200   40 100 
Lipid, % 6.88 7.36 7.12 7.46  7.18 6.76  6.97 7.15 6.57 7.45  7.04 7.31 
Fatty acid profile              
  C14 2.09 2.00 2.07 1.94  2.04 2.13  0.06 0.05 0.05 0.05  0.05 0.05 
  C14:1 0.38 0.37 0.38 0.36  0.39 0.39  0.00 0.00 0.00 0.00  0.00 0.00 
  C16 21.11 20.64 21.12 20.50  21.06 21.26  8.71 13.15 13.18 13.05  13.14 13.16 
  C16:1 1.93 1.85 1.91 1.81  1.88 1.95  0.20 0.18 0.19 0.18  0.18 0.18 
  C17 0.91 0.84 0.87 0.82  0.92 0.90  0.09 0.08 0.08 0.08  0.08 0.08 
  C18 13.85 13.47 13.93 13.17  13.68 13.92  2.17 2.02 2.03 2.02  2.01 2.05 
  C18:1 34.97 34.83 35.55 34.70  34.78 35.13  27.30 26.16 26.06 26.18  26.23 26.43 
  C18:2 19.61 21.10 19.84 21.91  20.91 19.54  57.11 54.97 54.63 54.75  54.90 54.76 
  C18:3n3  1.03 1.03 1.03 1.08  1.01 1.00  2.18 2.11 2.13 2.09  2.13 2.05 
  C18:3n6  0.14 0.12 0.23 0.20  0.11 0.12  0.02 0.03 0.02 0.02  0.02 0.02 
  CLA 0.44 0.38 0.48 0.41  0.36 0.40  0.13 0.09 0.15 0.14  0.09 0.14 
  C20 0.89 0.88 0.23 0.24  0.27 0.32  1.06 0.58 0.77 0.53  0.46 0.59 
  C20:1 0.88 0.89 0.52 0.91  0.89 1.19  0.84 0.44 0.56 0.80  0.58 0.36 
  C20:3 0.11 0.15 0.14 0.50  0.20 0.11  0.05 0.03 0.03 0.03  0.03 0.03 
∑SFA 39.17 38.14 38.55 36.97  38.29 38.86  12.11 15.91 16.14 15.75  15.76 15.94 
∑MUFA 38.64 38.40 38.84 38.23  38.40 39.16  28.37 26.82 26.85 27.20  27.03 27.00 
∑PUFA 21.32 22.77 21.72 24.09  22.59 21.18  59.50 57.23 56.96 57.03  57.17 57.01 
Iodine value 71.50 73.79 72.48 76.27  73.50 71.64  129.39 124.08 123.65 124.03  124.17 123.81 
Tocopherol isoforms, ppm           
  Acetate 14 43 94 198  NMA NMA  13 50 99 207  NMA NMA 
  Alpha (α) 5 6 5 4  9 16  12 11 12 12  15 21 
  Beta (β) 2 2 1 2  2 2  5 4 5 5  5 5 
  Gamma (γ) 28 34 26 21  55 94  41 39 39 40  61 95 




Table A.1.10 Fatty acid profile of Phase 5 diets (Study 2)  
Fat source: Tallow   Corn oil 
Isoform: ATA  γ-T  ATA  γ-T 
Level, ppm: 11 40 100 200   40 100   11 40 100 200   40 100 
Lipid, % 6.68 7.43 7.51 7.05  7.03 7.50  7.12 7.36 7.14 6.99  7.07 6.99 
Fatty acid profile             
  C14 2.08 1.95 2.03 2.02  1.99 1.93  0.06 0.05 0.05 0.05  0.05 0.05 
  C14:1 0.39 0.36 0.38 0.37  0.37 0.36  0.00 0.00 0.00 0.00  0.00 0.00 
  C16 21.18 20.73 21.09 20.98  20.90 20.59  13.29 13.29 13.37 13.38  13.37 13.30 
  C16:1 1.94 1.82 1.88 1.89  1.88 1.82  0.19 0.18 0.18 0.18  0.18 0.18 
  C17 0.86 0.83 0.85 0.85  0.86 0.86  0.09 0.08 0.08 0.08  0.07 0.08 
  C18 13.77 13.41 13.71 13.69  13.55 13.10  2.06 2.02 2.03 1.95  1.96 1.96 
  C18:1 35.69 35.20 35.48 35.23  35.57 35.02  26.48 26.35 26.25 26.52  26.60 26.55 
  C18:2 20.53 22.07 21.06 21.28  21.24 22.74  54.83 55.24 55.15 55.14  55.07 55.23 
  C18:3n3  0.91 0.95 0.93 0.91  0.92 0.94  1.95 1.93 1.97 1.79  1.79 1.76 
  C18:3n6  0.12 0.11 0.11 0.12  0.14 0.12  0.02 0.02 0.02 0.03  0.02 0.02 
  CLA 0.25 0.23 0.22 0.23  0.23 0.22  0.03 0.03 0.03 0.04  0.03 0.03 
  C20 0.23 0.22 0.22 0.31  0.34 0.36  0.58 0.41 0.43 0.38  0.37 0.37 
  C20:1 0.50 0.65 0.51 0.55  0.46 0.45  0.34 0.29 0.32 0.35  0.36 0.35 
  C20:3 0.03 0.03 0.03 0.04  0.03 0.03  0.03 0.03 0.03 0.03  0.03 0.03 
  ∑SFA 38.44 37.45 38.22 38.16  37.96 37.15  16.07 15.85 15.97 15.84  15.81 15.75 
  ∑MUFA 38.99 38.48 38.72 38.50  38.75 38.11  27.04 26.85 26.79 27.08  27.18 27.11 
  ∑PUFA 21.84 23.38 22.35 22.58  22.57 24.04  56.87 57.25 57.20 57.02  56.94 57.07 
Iodine value 72.56 74.77 73.20 73.39  73.63 75.60  123.50 123.99 123.88 123.67  123.61 123.76 
Tocopherol isoforms, ppm            
  Acetate 14 48 110 208  NMA NMA  20 48 113 232  NMA NMA 
  Alpha (α) 5 6 6 6  - 15  13 12 13 13  15 22 
  Beta (β) 1 2 2 1  1 2  5 5 5 5  5 5 
  Gamma (γ) 27 30 29 33  56 92  44 41 43 41  62 99 




Appendix 2. Numbers of excluded outliers and missing value in Chapter 3 
Table A.2.1 Numbers of excluded outliers and missing values of growth performance, plasma VE, and carcass measurements (Study 
1) 
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Growth performance          
  Phase 1 0 1 0 0  0 1 0 0 
  Phase 2 0 1 0 0  0 1 0 0 
  Phase 3 0 1 0 0  0 1 0 0 
  Phase 4 0 2 1 1  0 1 1 0 
  Phase 5 1 2 1 1  0 1 1 1 
Plasma VE          
  Day 0 0 0 1 0  0 0 0 0 
  Phase 1 0 0 0 0  0 0 0 0 
  Phase 2 0 0 0 0  0 1 0 0 
  Phase 3 1 0 0 1  0 1 1 1 
  Phase 4 0 1 0 3  1 1 1 0 
  Phase 5 0 1 0 0  0 1 0 0 
Carcass traits 0 1 0 1  0 2 0 0 
pH 0 1 0 1  0 3 0 0 
Organs 0 1 0 1  0 2 0 0 
Primal cut 0 1 0 1  0 2 0 0 






Table A.2.2 Numbers of excluded outliers and missing values of meat quality, shelf life, tissue VE, plasma SOD, liver antioxidant 
status, and fatty acid profile (Study 1) 
VE, ppm: 11   200 
Fat source: Corn Starch  Tallow Corn oil Coconut oil   Corn Starch  Tallow Corn oil Coconut oil 
Meat quality          
  Subjective meat quality 0 1 0 1  0 2 0 0 
  Shelf life 0 1 0 1  0 2 0 0 
  Drip loss 0 1 0 1  0 2 0 0 
  Purge loss          
    Day 7 0 1 1 1  0 3 1 1 
    Day 14 0 2 0 1  0 2 0 0 
    Day 30 0 1 0 1  0 2 0 0 
Liver VE 0 1 1 1  0 2 1 0 
Muscle VE 0 1 0 1  0 2 1 0 
Plasma SOD          
  Day 0 0 1 1 2  1 1 1 0 
  Phase 1 0 1 1 1  0 1 1 0 
  Phase 2 0 1 1 1  0 1 1 0 
  Phase 3 0 1 1 1  0 1 1 0 
  Phase 4 0 1 1 1  0 1 1 0 
  Phase 5 0 1 1 1  0 1 1 0 
Anti-oxidative status          
  SOD 0 1 0 1  0 2 0 0 
  GSH 0 1 1 1  1 3 1 0 
  GSSG 0 1 1 1  1 3 1 0 
  MDA 0 1 0 1  1 2 0 0 





Appendix 3. Numbers of excluded outliers and missing values in Chapter 4 
Table A.3.1 Numbers of excluded outliers and missing values of growth performance, plasma VE, antioxidant status, and organ 
weight (Study 2) 
Fat sources Tallow   Corn oil 
Isoforms ATA  γ-T  ATA  γ-T 
Level, ppm 11 40 100 200   40 100   11 40 100 200   40 100 
Growth performance                
  Phase 1 0 1 0 0  0 0  0 0 0 0  0 0 
  Phase 2 0 1 0 0  0 0  0 0 0 0  0 0 
  Phase 3 0 1 0 0  0 0  0 0 0 0  0 0 
  Phase 4 1 1 0 0  0 1  0 0 0 0  0 0 
  Phase 5 0 1 0 1  0 1  0 0 0 0  0 0 
Plasma VE                
  Day 0 0 0 0 0  0 0  0 0 0 0  0 0 
  Phase 1 0 0 0 0  0 0  0 0 0 0  0 0 
  Phase 2 0 0 0 0  0 0  0 0 0 0  0 0 
  Phase 3 0 0 0 0  0 0  0 1 0 0  0 0 
  Phase 4 0 0 0 0  0 0  0 0 0 0  0 0 
  Phase 5 0 0 0 0  0 1  0 0 0 0  0 0 
Antioxidant status              
  SOD 0 0 0 0  0 0  0 0 0 0  0 0 
  GSH 1 0 1 1  0 0  1 1 0 0  0 0 
  GSSG 1 0 1 1  0 0  1 1 0 0  0 0 
  MDA 1 0 0 1  0 0  1 1 0 0  0 1 





Table A.3.2 Numbers of excluded outliers and missing values of tissue tocopherol, meat color, shelf life, fatty acid profile, and Flusure 
challenge (Study 2)  
Fat sources Tallow   Corn oil 
Isoforms ATA  γ-T  ATA  γ-T 
Level, ppm 11 40 100 200   40 100   11 40 100 200   40 100 
Tissue α-tocopherol                
  Liver 0 0 0 0  0 0  0 0 0 1  0 0 
  Muscle 0 0 1 0  0 0  0 0 0 0  0 0 
Tissue γ-tocopherol                
  Liver 0 0 0 0  0 0  0 0 0 1  0 0 
  Muscle 0 0 2 1  0 0  0 0 0 1  0 0 
Meat color 1 1 0 1  0 0  1 1 0 0  0 1 
Meat TBARS                
  Day 1 0 0 0 0  1 0  0 0 1 0  0 0 
  Day 3 0 0 0 0  0 0  0 0 0 0  0 1 
  Day 5 1 0 0 0  0 1  0 0 0 0  0 0 
  Day 7 0 0 1 1  1 1  0 1 0 0  1 0 
Fatty acid profile                
  Backfat 11 0 0 0  0 0  12 0 0 0  0 0 
  Bellyfat 0 0 13 0  0 0  0 0 0 0  14 0 
  Liver 15 0 0 16  0 0  17 0 18 0  0 0 
FluSure                
  Day 0 0 1 0 0  0 0  0 0 1 1  0 0 
  Day 21 0 1 0 0  0 0  0 0 1 1  0 0 




1 Outlier detect for C20:3 and C20:4; 2 outlier detected for C18:3 n-6, CLA, and C20:3; 3 outlier detected for C18:3 n-6, CLA, C20:3, 
and C20:4; 4 outlier detected for C14:1 and  C18:3 n-6; 5 outlier detected for C22; 6 outlier detected CLA, PUFA, and iodine value; 7 




Appendix 4. P-values of sex effect and their interactions for Chapter 4 
Table A.4.1 P-values of sex effect and their interactions for growth performance in each 
phase 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat   sex sex*isoform sex*level sex*fat 
Body weight, kg       
Initial - - -  - - - - 
  Phase 1 - - -  - - - - 
  Phase 2 - - -  - - - - 
  Phase 3 - - -  0.10 - - - 
  Phase 4 - - -  - - - - 
  Phase 5 - - -  - - - - 
Average daily gain, kg/d       
  Phase 1 - - -  - - - - 
  Phase 2 0.04 - -  0.01 - - - 
  Phase 3 0.10 - -  - - - - 
  Phase 4 - - -  - - - - 
  Phase 5 - - -  - - - - 
Average daily feed intake, kg/d      
  Phase 1 - - -  - 0.04 - - 
  Phase 2 0.08 - -  0.06 - - - 
  Phase 3 0.01 - -  0.02 - - - 
  Phase 4 - - -  - - - - 
  Phase 5 - - -  - - - - 
F/G       
  Phase 1 - 0.07 -  - 0.04 - 0.04 
  Phase 2 - - -  - 0.04 - 0.01 
  Phase 3 0.01 0.02 -  - 0.03 - - 
  Phase 4 0.02 - -  0.07 - - - 




Table A.4.2 P-values of sex effect and their interactions for cumulative growth 
performance 
ATA levels × Fat (4×2) Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat sex sex*isoform sex*level sex*fat 
Average daily gain, kg/d 
  Phase 1 - - - - - - - 
  Phase 1-2 0.09 - - 0.08 - - - 
  Phase 1-3 0.08 - - 0.10 - - - 
  Phase 1-4 - - - - - - - 
  Phase 1-5 - - - - - - - 
Average daily feed intake, kg/g 
  Phase 1 - - - - - - - 
  Phase 1-2 - - - - 0.08 - - 
  Phase 1-3 0.08 - - 0.10 - - - 
  Phase 1-4 0.09 - - 0.10 - - - 
  Phase 1-5 - - 0.07 - - - - 
F/G 
  Phase 1 - 0.07 - - - - 0.05 
  Phase 1-2 - 0.09 - - 0.02 - 0.01
  Phase 1-3 - 0.04 - - 0.01 0.06 0.05
  Phase 1-4 0.02 0.10 - - 0.02 - 0.06
  Phase 1-5 0.04 - - - 0.01 - - 
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Table A.4.3 P-values of sex effect and their interactions for organ size, primal cut, and 
carcass traits 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat   sex sex*isoform sex*level sex*fat 
Absolute organ weight, g       
  Liver - - -  - - - - 
  Kidney - - -  - - - - 
  Heart - - -  - - - - 
  Lung 0.06 - -  - - - - 
  Spleen - - -  - - - 0.06 
Relative weight, % slaughter weight      
  Liver - - -  - - - - 
  Kidney - - -  - - - - 
  Heart - - -  - - - - 
  Lung 0.04 - -  - - - - 
  Spleen - - -   - - - 0.04 
Absolute primal cut, kg       
  Boston butt - - -  - - - - 
  Picnic shoulder - - -  - - - - 
  Loin - - -  - - - - 
  Spare rib - - -  0.02 - - - 
  Ham - - -  0.02 - - - 
  Belly - 0.02 -  - - <0.01 0.06 
Relative primal cut, % live weight      
  Boston butt - - -  - - - - 
  Picnic shoulder - - 0.03  - - - - 
  Loin - - -  - - - - 
  Spare rib - - -  0.07 - - - 
  Ham - - -  0.02 - - - 
  Belly - 0.05 -  - - <0.01 0.05 
SLW - - -  - - - - 
HCW - - -  - - - - 
CCW - - -  - - - - 
Dressing % 0.07 - -  - - - - 
Shrink loss 0.05 - -  0.08 - - - 
pH45min  - - -  - 0.09 - - 
pH24h  - - -  - - - - 
ΔpH - - -  - 0.03 - - 
C. Length - - -  - - - - 
Backfat depth         
  First rib - - 0.10  - - - - 
  Last rib - - -  - - - - 
  10th rib - - -  - - - - 
  Last lumbar - - -  - - - - 
Belly depth - - -  - - - - 
LM area - - 0.01  - - - 0.09 
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Table A.4.4 P-values of sex effect and their interactions for plasma tocopherols 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat   sex sex*isoform sex*level sex*fat 
α-tocopherol    
  Day 0 0.16 - -  - - - 0.03 
  Phase 1 - - -  - - - - 
  Phase 2 - - -  - - - - 
  Phase 3 - - -  - 0.07 - - 
  Phase 4 - 0.06 -  - - - - 
  Phase 5 - - -  - - - - 
γ-tocopherol    
  Day 0 - - -  - - - - 
  Phase 1 - - 0.07  0.10 0.10 - - 
  Phase 2 - 0.10 -  0.09 - - - 
  Phase 3 - 0.03 -  - - - - 
  Phase 4 - - -  - - - 0.01 
  Phase 5 - - -  - - - - 
Total tocopherol    
  Day 0 - - -  - - - 0.03 
  Phase 1 - - -  - 0.07 - - 
  Phase 2 - - -  - - - - 
  Phase 3 - - -  - 0.07 - - 
  Phase 4 - 0.10 -  - - - - 
  Phase 5 - - -   - - - - 
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Table A.4.5 P-values of sex effect and their interactions for tissue tocopherols and titer of 
antibodies 
ATA levels × Fat (4×2) Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat sex sex*isoform sex*level sex*fat 
α-tocopherol, µg/mL 
  Muscle 0.03 0.05 0.01 0.01 - 0.02 - 
  Liver - - - - - - - 
 γ-tocopherol, µg/mL 
  Muscle 0.01 0.08 - 0.06 <0.01 - - 
  Liver - - - - 0.02 0.06 - 
Total tocopherol, µg/mL 
  Muscle 0.01 0.10 0.01 0.01 0.08 0.01 - 
  Liver - - - - 0.09 - - 
Flusure vaccination 
  Day 0 
    Elisa - - - - - - - 
    H1N2 - - - - - - - 
    H1 - - - - - - - 
    H3N2 - - - - - - - 
  Day 21 
    Elisa 0.04 - - - - - - 
    H1N2 - - - 0.10 - - - 
    H1 - - - - - - - 
    H3N2 - - - - - - - 
  Day 36 
    Elisa - - - 0.05 - - - 
    H1N2 - - - 0.04 - - - 
    H1 - - - - - - 0.03 
    H3N2 - - - - - - - 
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Table A.4.6 P-values of sex effect and their interactions for individual fatty acid intake 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat  sex sex*isoform sex*level sex*fat 
Lipid 0.06 0.04 -  0.01 0.04 - - 
Fatty acids       
  C14 0.08 0.08 -  0.03 - - <0.01 
  C14:1 0.09 0.09 -  0.03 - - <0.01 
  C15 0.08 0.09 -  0.03 - - <0.01 
  C16 0.03 0.04 -  0.01 0.06 - 0.09 
  C16:1 0.05 0.08 -  0.02 - - <0.01 
  C17 0.05 0.07 -  0.02 - - <0.01 
  C18 0.03 0.07 -  0.02 - - <0.01 
  C18:1 0.04 0.04 -  0.01 0.05 - 0.17 
  C18:2 - 0.05 -  0.03 0.04 - - 
  C18:3n3 - 0.04 -  0.02 0.04 - - 
  C18:3n6 0.05 0.07 -  0.03 - - <0.01 
  CLA 0.03 0.07 -  0.02 - - <0.01 
  C20 0.10 0.05 -  0.02 0.04 - - 
  C20:1 0.04 0.05 -  0.01 0.05 - - 
  C20:3 - - -  0.02 - - - 
  ∑SFA 0.02 0.04 -  0.01 0.10 - 0.02 
  ∑MUFA 0.04 0.04 -  0.01 0.06 - - 




Table A.4.7 P-values of sex effect and their interactions for fatty acid profile of backfat 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat   sex sex*isoform sex*level sex*fat 
C10 - - -  - - - - 
C12 - - -  - - - <0.01 
C14 - - -  - - - 0.01 
C15 - - -  - - - - 
C16 - - -  - - - 0.07 
C17 0.07 - -  - - - - 
C18 - - -  - 0.06 - - 
C20 - - -  - - - 0.09 
C14:1 - - -  - 0.04 - - 
C16:1 - - -  - 0.06 - - 
C17:1 - - -  - - - - 
C18:1 - - -  - - - - 
C20:1 - - -  - - - - 
C18:2 - - -  - - - - 
C18:3n6 - - -  - - - - 
C18:3n3 - 0.10 -  - - - - 
CLA - - -  - - - - 
C20:2 - - -  - - - - 
C20:3 - - -  - - 0.09 - 
C20:4 - - -  - - - - 
∑SFA - 0.05 -  - - - - 
∑MUFA - - -  - - - - 
∑PUFA - - -  - - - - 




Table A.4.8 P-values of sex effect and their interactions for fatty acid profile of belly fat 
 ATA levels × Fat (4×2)  Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat   sex sex*isoform sex*level sex*fat 
C10 - - -  - - - - 
C12 - - -  - - - <0.01 
C14 - - -  - - - <0.01 
C15 - - -  - - - - 
C16 - - -  0.20 - - - 
C17 - - -  - - - - 
C18 - - -  - - - - 
C20 0.07 - -  - - - - 
C14:1 - - -  0.09 - - 0.09 
C16:1 - - -  - - - - 
C17:1 - - -  - - - - 
C18:1 - - -  - - - - 
C20:1 - - -  - - - - 
C18:2 - - -  - - - - 
C18:3n6 - - -  - - - - 
C18:3n3 - - -  - - - - 
CLA - - -  0.07 - - - 
C20:2 - - -  - - - - 
C20:3 0.10 - -  - - 0.05 - 
C20:4 - - -  - - - - 
∑SFA - - -  0.03 - - - 
∑MUFA - - -  - - - - 
∑PUFA - - -  - - - - 
IV - - -   - - - - 
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Table A.4.9 P-values of sex effect and their interactions for fatty acid profile of the liver 
ATA levels × Fat (4×2) Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat sex sex*isoform sex*level sex*fat 
Lipid, % - - - - - - 0.08 
C14 - - - - - - - 
C16 - - - - - 0.07 - 
C17 - - - - - - - 
C18 - - - - - - - 
C22 - - 0.10 - - - - 
C16:1 - - - - - - - 
C18:1 - - - - - - - 
C20:1 - - - - - - - 
C18:2 - - - - - - - 
C18:3 n3 - - - - - - - 
C18:3 n6 - - - - - - - 
CLA 0.10 - - - - - - 
C20:2 0.05 - - - - 0.03 - 
C20:3 - - - - - - - 
C20:4 - - - - - - - 
C22:2 - - - - 0.07 - - 
C22:4 - 0.05 - - 0.09 - - 
C22:5 - - -  0.03 - - - 
C22:6 - - 0.02 - - - - 
∑SFA - - - - - 0.04 - 
∑MUFA - - - - - - - 
∑PUFA - - - - - 0.02 - 
IV - - - - - 0.03 -
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Table A.4.10 P-values of sex effect and their interactions for meat color and meat quality 
ATA levels × Fat (4×2) Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat sex sex*isoform sex*level sex*fat 
L 
  Day1 0.10 0.03 - - - - - 
  Day3 0.06 - - - - - - 
  Day5 - 0.08 - - - - - 
  Day7 - 0.08 - - - - - 
a 
  Day1 0.06 - 0.10 - - - - 
  Day3 0.01 - 0.08 - - - - 
  Day5 - - - - - - - 
  Day7 0.04 0.05 0.01 - - - - 
b 
  Day1 - - - - - - - 
  Day3 - - - - - - - 
  Day5 - - - - - - - 
  Day7 0.09 - - - - - - 
a/b 
  Day1 - 0.09 - - - - - 
  Day3 0.00 - - - - - - 
  Day5 - - - - - - - 
  Day7 0.03 - 0.07 - - - - 
Hue 
  Day1 - 0.09 - - - - - 
  Day3 0.01 - - - - - - 
  Day5 - - - - - - - 
  Day7 0.02 0.06 0.08 - - - - 
Chroma 
  Day1 - - - - - - - 
  Day3 - - 0.03 - - - - 
  Day5 - - - - - - - 
  Day7 - - 0.07 - - - - 
Drip loss - - - - - 0.08 - 
Purge loss 
  Day 7 - - - - - - - 
  Day 14 0.06 - - - 0.04 - - 
  Day 30 0.09 - - - 0.02 - - 
Subjective meat quality 
  Color - 0.04 - 0.03 - - - 
  Marbling 
  Firmness - - - - - - - 
Belly angle - - - - - - -
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Table A.4.11 P-values of sex effect and their interactions for TBARS and liver antioxidant 
status 
ATA levels × Fat (4×2) Isoforms × levels × fat (2×2×2) 
Items sex sex*level sex*fat sex sex*isoform sex*level sex*fat 
TBARS 
  Day1 0.00 - - 0.01 - - 0.02 
  Day3 0.02 - - 0.02 - - - 
  Day5 - - - - 0.03 - - 
  Day7 - 0.05 - - 0.03 - - 
Wet liver basis 
T-GSH - - - - - - - 
GSSG - >- 0.10 - - 0.07 - 
GSH - - - - - - - 
SOD - - - - - - - 
MDA - - - - - - - 
GSH/GSSG - - 0.03 - - - - 
Tissue protein basis 
  GSH 0.07 - - 0.02 - - - 
  GSSG - - 0.10 - - - - 
  SOD - - - 0.10 - - - 
  MDA - - - - - - - 
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